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ABSTRACT 
An intriguing mystery about tryptophan 2, 3-dioxygenase is its hydrogen peroxide-triggered enzyme 
reactivation from the resting ferric oxidation state to the catalytically active ferrous form. In this 
study, we found that such an odd Fe(III) reduction by an oxidant depends on the presence of L-Trp,  
which  ultimately serves as the reductant for the enzyme. In the peroxide reaction with tryptophan 2, 
3-dioxygenase, a previously unknown catalase-like activity was detected. A ferryl species (δ = 0.055 
mm/s and ΔEQ = 1.755 mm/s) and a protein-based free radical (g = 2.0028 and 1.72 millitesla 
linewidth) were characterized by Mössbauer and EPR spectroscopy, respectively. This is the first 
compound ES-type of ferryl intermediate from a heme-based dioxygenase characterized by EPR and 
Mössbauer spectroscopy. Density functional theory calculations revealed the contribution of 
secondary ligand sphere to the spectroscopic properties of the ferryl species. A Trp-Trp dimer and a 
monooxygenated L-Trp were both observed as the enzyme reactivation by-products by mass 
spectrometry. Together, these results lead to the unraveling of an over 60-year old mystery of 
peroxide reactivation mechanism.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Introduction 
 
Radicals became accessible to chemist more than 100 years ago when Gomberg prepared the first stable 
free radical, triphenylmethyl (1).  Since then, numerous other radical systems have been prepared and 
characterized (2).  The discovery of ribonucleotide-diphosphate reductase (RNR) and its tyrosyl radical 
(3, 4) introduced the idea that a radical could be biologically competent and stable, which has stirred up 
great interest in the scientific community (5, 6).  It was assumed that because of their unstable nature, 
radicals were not suitable for utilization in the controlled and specific chemistry that occurs inside an 
enzyme’s active site.  However the discovery of radical enzymes such as, RNR and photosystem II (PSII), 
have opened a new field of radical enzymology in biochemistry and has led to the reconsideration of the 
ability to use these highly reactive species in a controlled manner.  RNR has the ability to generate a 
stable tyrosyl radical (7) and utilize this radical to carry out the reduction of ribonucleotide to 
deoxyribonucleotide by the replacement of the C2'-OH with a proton (eq 1). Photosystem II oxidizes two 
water molecules to oxygen (eq 2) and utilizes two tyrosyl radicals, YZ· and YD·, to carry out this process.  
These findings have also led to the creation of the radical SAM superfamily of enzymes which are 
represented by the enzymes lysine 2, 3-aminomutase (LAM), pyruvate formate-lyase, and anaerobic RNR 
class III. These enzymes have a common cysteine motif CX3CX2C that coordinates to a [4Fe-4S] cluster 
(8-11). S-adenosylmethionine (SAM) is also utilized as either a cofactor or cosubstrate to generate a 5'-
deoxyadenosyl (5’-dA•) radical. The reactions presented in equations 1 and 2 are some of the most 
essential for life, this highlights the important roles that radicals have in nature 
NDP + 2 e
-
 + 2 H
+
  dNDP + H2O (1) 
2 H2O  O2 + 4 H
+
 + 4 e
-
  (2) 
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1.2  Types of radical species 
 
The types of radical species involved in biochemical systems can be subdivided into four main groups:  
flavin and quinine intermediates, oxygen radicals, radicals on an amino acid, and alkyl radicals (5). 
Flavins and quinines can serve as an electron transfer intermediary and an electron transfer agent, 
respectively. Oxygen radicals are often involved in monooxygenation and dioxygenation reactions such 
as the case of cytochrome P450 (12).  Amino acid radicals are found in the majority of enzymes that use a 
radical based mechanism, while alkyl radicals can be found in proteins (such as pyruvate formate lyase, 
and anaerobic RNR) that use a radical centered on the α-carbon of a glycine (5). 
 
1.3 Generation of free radicals 
 
Free radicals reactions are a special case of oxidation-reduction reactions.  They are involved in the 
transfer of odd numbers of electrons, homolytic bond cleavage and formation, and abstraction of an H 
atom. This reaction strategy is often used to activate highly stable substrates with no polar bonds such as 
hydrocarbons. Though free radicals are necessary for certain biochemical reactions, the mechanism in 
which they are formed needs to be understood.  General routes for generating free radicals are: 1) 
photochemical reactions and 2) thermal decomposition of peroxides, however; these routes are often 
difficult under biological conditions. Transition metals are found to be the most popular radical 
generating systems in nature.  Their weak M-C bond and variable oxidation states have allowed them to 
participate in many one-electron transfer reactions. The transition metal cobalt provides one example of 
how these elements can help generate free radicals. Many enzymes use adenosylcobalamine (AdoCbl) to 
generate an adenosyl free radical which can abstract a proton from their substrate and initiate subsequent 
reaction.  This is highly favorable because the Co-C bond can be easily broken. The bond dissociation 
energy for the homolytic cleavage of the Co-C bond in adenosylcobalamine is about 120 kJ/mol (13); this 
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is relatively small compared to the 410 kJ/mol required for a C-C bond cleavage. 
 
The cofactor SAM, analogous to AdoCbl upon one-electron reduction, is a source of a 5’-deoxyadenosyl 
(5’-dA•) radical, which can initiate many metabolic reactions by hydrogen-atom abstraction. SAM and 
AdoCbl are both radical initiators and share a common 5’-dA• intermediate. This radical is both highly 
oxidizing and unstable, preventing its direct observation (14). Many SAM-dependent enzymes 
additionally require an [4Fe-4S]
1+
 cluster  cofactor. The iron-sulfur cluster contains three conserved 
cysteines, this leaves one unique iron that is not ligated by the protein (15).  The precise mechanism for 
the formation of the 5’-dA• radical is still under discussion. However, evidence has shown that the non-
ligated iron will directly coordinate to SAM (15). The binding of Adomet to the unique iron requires the 
iron sulfur cluster to be in the [4Fe-4S]
2+
 state (15). By this mechanism, the iron ion is able to form a 
bridge between SAM and the cluster enabling an injection of one reducing equivalent into SAM 
facilitating reductive cleave and the generation of the 5’dA• radical. 
 
1.4 Brief survey of radical enzymes 
 
1.4.1 Ribonucleotide Reductase 
 
To date many radical enzymes have been studied and characterized. Several reviews have been published 
outlining the work performed in this field (5, 6, 16-20). What follows is a brief description of several 
select enzymes, more detailed information over viewing the field can be found in the references. 
Ribonucleotide reductase is an enzyme responsible for the synthesis of the deoxyribonucleoside 
triphosphates (dNTP) (Table 1) and for maintaining the DNA/cell mass ratio in living organisms (21-33).  
This enzyme utilizes a mechanism in which tyrosyl radical is generated in one subunit of the enzyme, and 
is shuttled to the next subunit as a thiyl radical where it can fulfill its chemical role.  There are three 
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classes of RNR enzymes, classes I, II and III; they all differ slightly on their radical initiation pathways 
(28, 31, 34, 35).  There is also a fourth class which includes anaerobic RNR that uses manganese instead 
of iron as a cofactor to carry out its chemistry (36). 
 
1.4.2 Pyruvate Formate Lyase 
 
Pyruvate formate lyase (PFL) is an important enzyme utilized in the metabolism of glucose during 
anaerobic conditions and is responsible for the conversion of pyruvate and CoA to acetylCoA and formate 
(Table 1) (37-39). This enzyme uses a glycyl radical (40) in its active form, it should be noted that 
interconversion between the active and inactive form is a catalytic process mediated by the activating 
enzyme PFL-AE. There are two proposed mechanism for PFL and in both cases the glycyl radical is 
converted to a thiyl radical (Cys419). The thiyl radical can then initiate the C-C bond cleavage of 
pyruvate to generate an acylated-enzyme intermediate (acyl-PFL) and the release of formate. Introduction 
of HSCoA into the active site sees the release of AcCoA and regeneration of free PFL. 
 
1.4.3 Photosystem II 
 
The production of oxygen by photosynthesis is substantial for aerobic life on earth. Lying at the focal 
point of photosysnthesis are photosystem II (PSII) and photosystem I (PSI); these two systems are 
responsible for the initial steps in conversion of light energy into biochemically useful products. 
Photosystem II uses light to oxidize water; water serves as the terminal electron donor producing 
molecular oxygen (Table 1), and protons (41-46). PSII contains two tyrosine species (YZ, YD) that are 
able to act as electron donors during the catalytic cycle. Both species are able to generate organic radicals 
detectable by EPR and have been extensively studied and have been well characterized (47-51). Of the 
two tyrosyl radicals, the role of YZ has been determined to function as an oxidizing intermediate in 
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electron transfer during water oxidation (52). It has also been proposed that YZ might have the additional 
role of being able to abstract a proton from water (6). The YD has been postulated to play redox and 
electrostatic functions during catalysis (53). 
 
1.4.4 Galactose Oxidase 
 
From a family of enzymes known as radical-copper oxidases, galactose oxidase (GAO) is one of the most 
understood members in this large group (54-58). The primary function of GAO is the catalysis of a two-
electron oxidation of primary alcohols to aldehydes along with a simultaneous reduction of oxygen to 
hydrogen peroxide (Table 1). Its radical mechanism is well understood, and the identification of the free 
radical as a tyrosine radical in GAO was done by isotope labeling studies using [β,β-2H]tyrosine (59). The 
crystal structure of this protein in 1991 revealed a modification of the tyrosine residue where it is 
covalently bound at the α-position to an adjacent Cys228 (60, 61). Numerous studies have been done on 
this cofactor showing that it is able to function as a single electron redox center; it does this by switching 
between the phenoxyl and phenol radical forms during the redox cycle (59, 62, 63). 
 
 
Table 1. Reactions of radical enzymes. 
 
 
 
 
Enzyme Reaction Radical 
Ribonucleotide Reductase (RNR) NDP + 2 e
-
 + 2 H
+
  dNDP + 
H2O 
Tyr122 (4) 
Pyruvate Formate Lipase (PFL) Pyruvate  formate + acetyl-
CoA 
Gly734 (40) 
Photosystem II (PSII) 2 H2O  O2 + 4 H
+
 + 4 e
-
 Tyr161 (64, 65), Tyr160 (66, 67) 
Galactose Oxidase (GAO) RCH2OH + O2  RCHO + H2O2 Tyr272 (59) 
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1.5 Enzymes with radical intermediates 
 
1.5.1 Cytochrome c Peroxidase 
 
Cytochrome c peroxidase is a yeast mitochondrial enzyme that catalyzes the reduction of hydrogen 
peroxide to water by the oxidation of ferrocytochrome c to ferricytochrome c (Table 2) (68-71).  The 
enzyme reacts with H2O2 in a two-electron oxidation of the ferric form to form an oxoferryl species 
(Compound ES) (72), this intermediate stores one oxidizing equivalent in the oxyferryl-heme and the 
second one on a nearby amino acid residue (73). This is unlike other peroxidases, where the second 
oxidizing equivalent is stored locally as a porphyrin radical cation (Compound I) (74-76). Studies for this 
cytochrome c peroxidase enzyme have found the second oxidizing radical to be a protonated Trp191 (73). 
 
1.5.2 Isopenicillin N Synthase 
 
Isopenicillin N Synthase (IPNS) is a mononuclear iron enzyme involved in the biosynthesis of penicillin 
by converting the tripeptide, L-α-aminoadipoyl-L-cysteinyl-L-valine (ACV) to β-lactam isopenicillin N 
(5, 77-79) (Table 2). IPNS is able to cyclize ACV in an O2-dependent process forming the bicyclic 
product; this process has been reviewed by Frey et al.  Removal of a C3(H) and the peptide-N(H) from 
the cysteinyl residue leads to formation of the β-lactam ring. Removal of the valyl-C3(H) and cysteinyl-
S(H) generates the five-membered ring. The reducing equivalents are used to reduce molecular oxygen to 
water. In the proposed mechanism of IPNS, binding of O2 to the ferrous heme generates the initial radical 
in the form of ferric superoxide (Fe(III)-O2
.
) which can abstract the proton of C3 from the cysteinyl side 
chain of ACV. This leads to formation of a Fe(II)-O-OH 
.
 intermediate, a six-membered cyclic transition 
state with a thioaldehyde from substrate ligated to the iron. The peroxide can be dehydrated in concert 
with hydrogen abstraction from cysteinyl-NH generating a ferryl-oxo species. Abstraction of a hydrogen 
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by the ferryl-oxo from the valyl-C3(H) group generates a tertiary isopropyl radical.  The cycle completes 
when bonding between the tertiary radical and the thiolate ligand on the Fe(III)-OH closes the five-
membered ring and reduces iron to Fe(II)-OH. 
 
1.5.3 Cytochrome P450 
 
Cytochrome P450 (P450) is versatile enzyme that uses dioxygen and two reducing equivalents to catalyze 
the regioselective and stereospecific insertion of oxygen into organic compounds (12, 80-93) (Table 2). 
P450 contains a heme cofactor and a ferric ion in the resting state.  The cycle of P450 begins upon 
displacement of a weakly bound water molecule with the substrate.  Two reducing equivalents and 2 
protons are needed for the release of one water molecule and formation of the reactive oxoferryl species.  
This intermediate is highly elusive in the P450 enzyme family; however, it is generally accepted to be the 
active intermediate in oxygen insertion. The P450 mechanism has been fairly well established with many 
of the key intermediates having been observed (94). 
 
1.5.4 Prostaglandin H Synthase 
 
Prostaglandin H synthase (PGHS) is an enzyme that catalyzes the conversion of arachadonic acid (AA) 
and two O2 to prostaglandin endoperoxide G2 (PGG2) (Table 2) as the first and committed step in 
prostaglandin biosynthesis (73, 95-98).  This enzyme contains both cyclooxygenase activity and 
peroxidase activity carried out in two distinct active sites. PGHS generates a tyrosyl radical (99) that 
initiates reaction by abstraction of the pro-S hydrogen atom from C12 of AA (100). However, studies 
have shown that PGHS upon reaction with peroxide can generate distinct EPR signals (98). 
Characterization of these radical species by EPR (101-106), ENDOR (107), and mutagenesis (106, 108, 
109) have led to the identification of all these species to be tyrosyl radicals from two different residues 
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(110).  Research on the Tyr504 radical suggests that this radical helps in maintaining the cyclooxygenase 
in its activated state (109). 
 
1.5.5 Methylmalonyl-CoA mutase 
 
As the only AdoCbl-dependent enzyme in mammals (5), methylmalonyl-CoA mutase (MCM) catalyzes 
the interconversion of methylmalonyl-CoA and succinyl-CoA (Table 2). A cyclopropyl intermediate 
radical is thought to be the key for the rearrangement. Using isotopic substitutions, 
2
H and 
13
C of the 
substrate lead to a narrowing and broadening respectively of the EPR signals (5). These changes in the 
EPR spectra have shown the radical to be derived from the substrate and not from the protein (111). 
Analysis of this species by EPR using freeze trapping techniques shows it to posses characteristics (g-
tensor and hyperfine tensor) consistent with a strongly coupled, hybrid triplet system (112).  
 
1.5.6 Lysine 2,3-Amino Mutase 
 
Lysine 2,3-Aminomutase (LAM) is a SAM dependent enzyme that catalyzes the interconversion of L-α-
lysine (lysine) and L-β-lysine (β-lysine) (Table 2).  LAM also uses a [4Fe-4S] cluster to generate a radical 
and mediate hydrogen transfer.  The mechanism for LAM has been studied by using EPR spectroscopy 
and kinetic characterization of the β-lysyl radical, analogues of the lysyl radical, and the 5’-
deoxyadenosyl radical (20, 113, 114). The reaction cycle of LAM starts when lysine binds to the internal 
aldimine of PLP.  Fragmentation of SAM to generate the 5’-deoxyadenosyl radical ([4Fe-4S] dependent 
process) initiates the radical mechanism.  The 3-pro-R hydrogen from the lysyl side chain is abstracted 
and produces 5’-deoxyadenosine and generates a lysyl radical at the active site.  This radical isomerizes to 
the β-lysyl radical via a two-step process.  The β-lysyl radical is the product radical, and hydrogen 
transfer from the methyl group of 5’-deoxyadenosine quenches this radical and regenerates the 5’-
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deoxyadenosyl radical.  Transaldimination with Lys337 releases β-lysine and restores the internal 
aldimine for the next cycle.  
 
 
Table 2. Reactions involving radical intermediates. 
Enzyme Reaction Radical 
Cytochrome c Peroxidase (CcP) H2O2 + 2 Cyt-c(Fe
II
) + 2 H
+
  2 
H2O + 2 Cyt-c(Fe
III
) 
Trp191 (73) 
Isopenicillin N Synthase (IPNS) ACV + O2  2 H2O + IPN Fe(III)-O2
.
 
Cytochrome P450 RH + O2 + 2 H
+
 + 2 e
-
   ROH + 
H2O 
Tyr(115) 
Prostaglandin H synthase 
(PGHS) 
H2O2 + Fe(III) + AA  PGH2 + 
H2O 
Tyr385(116), Tyr504 (99) 
Galactose Oxidase (GAO) RCH2OH + O2  RCHO + H2O2 Tyr272 (59) 
Lysine 2,3-Aminomutase (LAM) L-α-lysine  ↔ L-β-lysine β-lysine (117) 
 
 
1.6 Predicted radical mechanism of pyruvate oxidase 
 
Pyruvate oxidase (POX) catalyzes the reaction of pyruvate with phosphate and molecular oxygen to form 
acetyl phosphate, CO2 and peroxide (118).  POX is a thiamine pyrophosphate dependent enzyme which is 
thought to use a radical mechanism.  Radical formation in this enzyme would be initiated by electron 
transfer from an intermediate 2-(α-hydroxyethylidene)-TPP to FAD (5). The mechanism of POX occurs 
by a sequence of steps (eqs 3a-3d). 
 
CH3COCOO
-
 + E•FAD•TPP + H+ ↔ E•FAD•lactyl-TPP   (3a) 
E•FAD•lactyl-TPP   E•FAD•2-(α-hydroxyethylidene)-TPP + CO2
  
(3b) 
E•FAD•2-(α-hydroxyethylidene)-TPP + Pi  E•FADH2•TPP + acetyl-P  (3c) 
E•FADH2•TPP + O2 ↔ E•FADH•(O2
.-)•TPP + H+    (3d) 
E•FADH•(O2
.-)•TPP + H+  E•FAD•TPP + H2O2    (3e) 
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The first two steps (3a and 3b) occur by polar mechanisms, with the last three steps utilizing free radicals 
(119). FADH2 is oxidized by molecular oxygen in a two step mechanism (120). The first step involves an 
electron transfer from FADH2
 
leading to formation of superoxide and FAD-semiquinone. Another 
electron/H+ transfer will produce hydrogen peroxide and FAD. An 2-(α-hydroxyethyl)-TPP radical is 
assumed to form during the cycle (5). However, this has never been spectroscopically observed and has 
only been inferred from the transient FAD-semiquinone. 
 
1.7 Radical mechanism of a non-heme based system (Ribonucleotide Reductase) 
 
Class I RNRs contain two subunits termed R1 and R2.  The formation of a radical is oxygen dependent, 
and exists on the smaller subunit (R2) of the protein as a stable tyrosyl radical.  This radical can migrate 
from R2 to a cysteine residue on the next subunit (R1) generating a thiyl radical upon binding of 
ribonucletide substrates at the R1 active site.  Electrons are provided to the class I group of RNRs by 
thioredoxin or glutaredoxin (121).  Class II RNR enzymes differ from class I in that they do not require 
oxygen to generate their radical and are neither inhibited by its presence.  Another difference is that class 
II RNR contains a single subunit (NrdJ).  To generate the substrate activating thiyl radical, class II RNR 
requires an adenosylcobalamin cofactor (28, 31, 34).  Thus adenosylcobalamine is able to fulfill the role 
of the missing R2 subunit found in class I RNR.  Additionally, the electron donors utilized by class II 
RNR is thioredoxin or glutaredoxin which is similar to class I.  Class III RNR have several main 
differentiating properties from the other two.  The first being that they are anaerobic enzymes and the 
presence of oxygen inactivates them.  Second, these enzymes have two domains, the large catalytic 
domain NrdD and the smaller NrdG domain.  The NrdG domain uses an iron-sulfur cluster [4Fe-4S], S-
adenosylmethionine, and reduced flavodoxin to generate a glycyl radical at the NrdD C-terminus.  
Formate provides the electrons needed to reduce the enzyme (122, 123).  This glycyl radical is analogous 
to the tyrosyl radical generated by class I RNRs that is required to generate the thiyl radical needed for 
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substrate activation.  A fourth class, class IV, of RNR has recently been discovered and replaces one of 
the iron ions with a manganese cofactor (36). This new group of RNR contains a Mn
IV
/Fe
III
 cofactor and 
has been shown to be able to generate a transient catalytic thiol radical at the active site when the 
substrate arrives (36).   
 
In the catalytic mechanism of RNR, the initial step involves the initial thiyl radical (C439 in E. coli) 
abstracting a proton from the 3’-carbon of the ribose sugar and generating a substrate radical (124, 125).  
In the next step the C2-O bond is cleaved, this is coupled to the formation of a thiyl radical located on the 
proximal cysteine (C225 in E. coli R1) and the protonation of a water molecule.  The conserved glutamate 
(E441 in E. coli R1) acts as an active site base, deprotonating the 3’-OH and assisting in the reduction of 
ribose.  Next the 2’-carbon is protonated and a disulphide radical is formed on the protein.  In the next 
step a deoxyribose radical is formed, finally the thiyl radical is regenerated to complete the reaction cycle.  
The observation and characterization of some of these intermediates has given a lot of support to the 
proposed mechanism.  The thiyl radical which is catalytically competent has been observed in class II 
RNR (126), and substrate and thiol radicals have been observed from mutational studies (127, 128).   
 
1.8 Radical intermediate of a heme-based system (Catalase) 
 
Catalase is a monofunctional enzyme that is found in many living aerobically respiring organism (129, 
130). These enzymes prevent cell oxidative damage by catalyze the dismutation of hydrogen peroxide to 
water: 2 H2O2    2 H2O + O2. Catalase enzymes can be divided into three classes of proteins. The first 
class is composed of monofunctional, heme-containing enzymes, the second class is a group of 
bifunctional enzymes that possess catalase activity in addition to their native function (i.e. catalase-
peroxidase). Finally the third class contains the nonheme or Mn-containing catalases (131). In addition 
there are numerous heme proteins that display low levels of catalase activity in the presence of H2O2 such 
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as chloroperoxidase and myoglobin (129). Phylogenetic studies of the catalase group of enzymes have 
resulted in the division of monofunctional catalases into three clades (132). Clade 1 catalases are 
primarily of plant origin; the clade 2 catalases are all large subunit enzymes of bacterial and fungal origin. 
The clade 3 enzymes are all small subunit enzymes from bacteria, archaebacteria, fungi and other 
eukaryotes (131). Since the discovery of catalase, numerous crystal structures have revealed much about 
its structure (133-135).  
 
Catalase are homotetrameric enzymes with each subunit containing a protopophyrin IX cofactor and 
Fe(III) (heme b). There is also a small group of catalases (clade 3) which possess an additional cofactor, 
NADPH, with one nucleotide bound per monomer. However, this nucleotide is not a necessary cofactor 
for catalase activity and its role is currently under investigation (136, 137).  One role suggested for this 
cofactor is to prevent the inactivation of catalase by serving as an electron source converting Compound 
II-catalase (inactive towards H2O2) to its resting state (138). In the active site are several conserved 
residues for this group of enzymes: a group of distal residues consisting of histidine, asparagines and 
serine and a tyrosinate as the proximal heme iron ligand. 
 
The catalytic cycle of catalase can be divided into two stages (reactions 1, 2), in the first stage of the 
catalase cycle, hydrogen peroxide binds directly to the heme iron(III).  The hydroperoxide substrate forms 
a hydrogen bond with a conserved distal histidine stretching the O-H bond. This allows the second 
oxygen of peroxide to form a hydrogen bond with the imidazole residue. Subsequently the proton of the 
iron bound oxygen is transferred via the imidazole to the second oxygen forming a water molecule (129).  
Heterolytic cleavage of the O-O bond releases one water molecule and forms an oxidizing oxene 
intermediate. The oxene intermediate transforms the heme protein ferric iron to a new oxoferryl 
intermediate [Fe(IV)=O] and the porphyrin to the corresponding π-cation radical (Por.+) (reaction 1).  
Such an intermediate is known in literature as Compound I. A nearby amino acid such as a tyrosine or 
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tryptophan can quench the radical and generate an [aa
.+
 Fe(IV)-OH-Por] termed Compound ES. Both of 
these intermediates are two oxidizing equivalents above the resting state of the enzyme.   
 
The second stage of the catalase cycle, the Compound I intermediate reacts with another equivalent of 
H2O2 to generate water and molecular oxygen (reaction 2). The second H2O2 will bind to Compound I 
where it can form several hydrogen bonding interactions with the distal histidine, an asparagines and the 
Fe(IV)=O oxygen (139). This series of interactions allow one hydrogen from H2O2 to be transferred to the 
imidazole and the second to the Fe(IV)=O. This results in formation of molecular oxygen, the imidazole 
ring can then transfer a proton to the Fe(IV)=O thus producing a second molecule of water and return the 
heme to the native ferric form (140).  
 
Por-Fe(III) + H2O2    Por
.+
-Fe(IV)=O + H2O2   (4) 
Por
.+
-Fe(IV)=O + H2O2    Por-Fe(III) + H2O + O2  (5) 
       
1.9  Protein-based radicals  
 
Organic radical species used by enzymes have one unpaired electron (S = 1/2); since these species are 
paramagnetic they are very good candidates for electron paramagnetic resonance (EPR) spectroscopy. 
Enzymes can use these radicals to perform a wide array of chemistry such as activation of C-H bonds for 
oxygen insertion, oxidation of water, or the reduction of ribonucleotide. Therefore, EPR has proven to be 
valuable to understanding the chemistry that occurs in these enzymes and the properties of their reactive 
intermediates. Radicals produced during enzyme catalysis are often centered on the amino acids tyrosine, 
tryptophan, glycine, or cysteine. Abstraction of a hydrogen atom from any of these amino acids results in 
the formation of a relatively stable radical species, with the mechanism of abstraction differing for 
different enzymes. Among the four amino acid radicals the glycyl radicals are unique in that their radicals 
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are centered on the peptide main chain. These radicals are unstable and are mainly found in enzymes that 
carry out their process under anaerobic conditions (141). X-band EPR studies have shown their spectra to 
be a doublet (40) containing isotropic hyperfine coupling interactions with the α-hydrogen (142).  Thiyl 
radicals are postulated intermediates in many enzymatic reactions. These species have a large spin-orbit 
coupling constant of sulfur, and display an enhanced spin-lattice relaxation that is too fast for detection in 
solution. Additionally, at higher temperatures thiyl radicals exhibit larger line widths making them no 
longer detectable; at temperatures lower than 80K they are easily detectible by EPR (141). 
 
Tryptophanyl radicals are involved in many enzymatic processes. They possess an X-band EPR signal 
that is nearly indistinguishable from their tyrosyl counterparts. However high-field EPR (HFEPR) 
techniques have been used to provide increased resolution when trying to differentiate between tyrosine 
and tryptophan radicals (143).  This is because tryptophan radicals have relatively smaller g-anisotropy 
compared to that of tyrosyl radicals. Tryptophan radicals can be either protonated cation or a neutral 
deprotonated radical (144).  These different states can have an effect on the localization of the spin 
density on the aromatic ring.  Using the Hückel-McLachlan technique, studies using molecular orbital 
(MO) calculations have been able to predict the spin density distribution for both tryptophan radicals 
(Table 3). Their results suggested that the cationic radical was mainly localized on the C2 and C3 
positions, while the neutral radical was localized at the C3 and N1 positions (145).  These calculations 
have agreed well with experimentally determined values in the case of CcP which contains a cationic 
tryptophan radical coupled to an oxoferryl intermediate in Compound ES.  
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Table 3. Spin distribution of select tryptophan radicals 
Position Tryptophan 
(Neutral) (145) 
Tryptophan 
(Cationic) (145) 
Compound ES (CcP) (Trp 
cationic radical) (144) 
RNR (Trp neutral 
radical) (146) 
N1 0.30 0.04 0.14 0.2 
C2 0.04 0.42 0.35 N/A 
C3 0.39 0.39 0.41 0.52 
C5 0.09 0.10 N/A 0.17 
C6 0.03 -0.04 -0.07 N/A 
C7 0.06 0.09 N/A 0.15 
C8 0.08 -0.01 N/A N/A 
*N/A. Spin density on these position represent very little of the total spin distribution and is therefore disregarded 
 
 
Tyrosyl radicals have been detected in numerous enzyme systems. Their principal g-tensors can be fully 
resolved using high-field EPR (HFEPR) techniques.  Their spectrum can be characterized by hyperfine 
coupling to one of the aliphatic β proton (resolved); hyperfine coupling to the other β protons and the 
aromatic protons can also be seen using ENDOR (typically unresolved).  Chemical properties of the 
tyrosyl radical can be modulated in various enzymes by specific interactions such as hydrogen bonding 
within the protein (147).  Additionally as the radical spin is distributed around the aromatic ring, there can 
be hyperfine couplings between the radical and a nearby proton. These couplings can provide useful 
information on the spin density.  In tyrosine, the radicals can couple with either the β-protons or the α-
protons. Coupling of a tyrosine radical with the β-protons causes the EPR radical spectra to form a 
doublet. This is the case in both tyrosyl (YD•, YZ•) radicals in PSII, studies on performed on 
2
H-β-
tryptophan will remove the doublet splitting that result from hyperfine coupling to the –CH2- protons 
(148). The dihedral angles formed by the two β-methylene protons can be determined from the strength of 
their hyperfine coupling.  These couplings can be determined by the extent of interactions between the 
proton nuclei and the π-electron system on the ring which depend on the spin density on carbon 1 and the 
dihedral angle formed (107).  Studies on tyrosine radicals and models show that their spin-density 
distribution is almost invariant (149).  A comparison of the spin densities of several tyrosyl radicals 
presented in Table 4 show this to be the case. Although the environment of different tyrosyl radicals can 
vary significantly between different enzymes, they can be subdivided into two major groups (107). The 
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first group has a characteristic wide-doublet EPR spectrum and peak-to-trough width of ~33 G; examples 
include RNR, and GOX. The second group contains a narrower line shape and peak-to-trough width of ~ 
24 G; these include PSII, Salmonella typhimurium RNR. PGHS is a unique enzyme and contains both 
types of tyrosyl-radical species (107).  
 
 
Table 4. Spin density distribution of select tyrosine radicals 
Position Tyrosyl model 
(Solution) (4) 
RNR (Tyr122) (4) PSII YD• (150) PSII YZ• (47) 
O 0.26 0.29 0.26 0.26 
C1 0.34 0.38 0.37 0.37 
C2 -0.07 -0.08 -0.07 -0.07 
C3 0.24 0.25 0.24 0.26 
C4 -0.02 -0.05 -0.01 -0.01 
C5 0.24 0.25 0.24 0.26 
C6 -0.07 -0.08 -0.07 -0.07 
Cmethylene N/A 0.03 N/A N/A 
*N/A. Spin density on these position represent very little of the total spin distribution and is therefore disregarded 
 
 
1.10 Exchange coupling of radicals and metals 
 
Many metalloproteins that catalyze radical reactions generate a radical that is often localized on the 
porphyrin for hemoproteins or a nearby amino acid residue. A distance between the radical and metal 
center of 10 Å or less allows exchange interactions between the radical and other paramagnetic centers 
(141).  At distances less than 5 Å these exchange couplings are anisotropic, at larger distances the 
couplings become isotropic.  Interactions as long as 10.6 Å have been observed, as in the case between a 
flavine mononucleotide radical and an [4Fe-4S]
+
 in trimethylamine dehydrogenase (141). These 
interactions can be characterized by EPR by the sign of the parameter J (exchange parameter), and the 
magnitude of the ratio between the exchange interaction and zero-field splitting parameter (D), |J|/D. The 
spin coupling between two paramagnetic species can be either ferromagnetic (J < 0) or antiferromagnetic 
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(J > 0). Using EPR characterization of numerous intermediates can reveal the degree to which the metal 
center can interact with the radical. 
 
Catalase I is a protein-bound system that exhibits ferromagnetic exchange (J < 0), with an intermediate 
strength of |J|/D = 0.4 (75).  APX also has a moderate ferromagnetic exchange (J < 0) with |J|/D = 0.29 
(76).  Lignin peroxidase I (LiP I) is the third protein with a ferromagnetic exchange coupling of 
intermediate strength (|J|/D = 0.29) (151).  HRP I has a very weak exchange (|J|/D < 0.10) (152); 
simulation of the EPR signal requires that J/D be assigned both positive (antiferromagnetic) and negative 
(ferromagnetic) values (152).  CPO I exhibits a large antiferromagnetic exchange (J > 0), with |J|/D = 
1.02 (153). Finally, the model complexes in the form [(P)-Fe=O]
 +
, demonstrate an example of strong 
ferromagnetic exchange (J< 0) and |J|/D ~ 1 (151).  The parameter D is positive and varies only over a 
small range between D = 22-35 cm
-1
. Thus, changes in |J|/D within this group of Compounds I primarily 
result from changes in the exchange coupling, J.  The parameter J/D goes from large and negative 
(ferromagnetic), to near-zero, and then to moderately positive (anitferromagnetic) in the series 
[(P)Fe=O]+, Cat I, APX I ~ LiP I, HRP I, and CPO I (Table 5), thus showing it to be highly variable. 
 
Variations from ferromagnetic to antiferromagnetic coupling are due to the disruption of the four fold 
geometry of porphyrin coordination to iron.  The two odd electrons in an oxoferryl, [Fe=O]
2+
, S = 1, 
moiety reside one each in the two antibonding Fe=O molecular orbitals that have π-symmetry respect to 
the diatomic axis. In a four-fold symmetric metalloporphyrin, the half-filled orbitals of the [Fe=O]
2+
 
center, and the π-molecular orbitals of  the porphyrin radical are orthogonal in symmetry. In this situation, 
correlation effects force the spins of the two magnetic subsystems to align parallel with one another, the 
result is a ferromagnetic exchange, JF < 0. If symmetry is reduced enough that the magnetic orbitals of the 
metal and the porphyrin are no longer orthogonal, the spins will be subjected to an additional bonding 
interaction aligning the subsystem spins antiparallel and result in an antiferromagnetic contribution to the 
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exchange, JAF > 0. The observed exchange coupling, J, therefore, is a result of the competition between 
the two opposing configurations. It can be assumed that the major element in this reduction of symmetry 
for the proteins is π-bonding between the Fe(IV) and the proximal endogenous axial ligand. In CPO I, the 
axial ligand is a strongly π-bonding cysteinyl thiolate, the symmetry is lowered and the orbital overlap is 
increased so that antiferromagnetic coupling dominates (153). In catalase Compound I, the axial ligand is 
a phenolate and has a small antiferromagnetic coupling (154). HRP I with an imidazole ligand has 
balanced ferro- and antiferro-magnetic coupling, and the result is J ~ 0 (152). APX I and LiP I, both also 
ligated with an imidazolate have small antiferromagnetic coupling and exhibit ferromagnetic exchange 
between the oxoferryl and porphyrin π-cation radical (76, 155). This suggests that the kind of proximal 
axial ligand and its π-bonding characteristics, possibly influenced by the microenvironment, are important 
in determining the exchange coupling, J. 
 
 
    Table 5. Exchange coupling between radicals and metal center. 
 
 
 
 
 
 
 
 
Enzyme J |J|/D Coupling Ref 
[(P)Fe=O]+ < 0 ~ 1.0 ferro (151) 
LiP I < 0 0.29 Ferro (151) 
CPO I > 0 1.02 Anti (153) 
Catalase I < 0 0.4 Ferro (75) 
APX I < 0 0.28 Ferro (76) 
HRP I ~ 0 < 0.10 Balanced (152) 
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CHAPTER 2 
MATERIALS AND METHODS 
 
Chemicals 
 L-Trp (99.5%) was purchased from Sigma-Aldrich. H2
16
O2 (30%, v/v) was obtained from Fisher 
Scientific. The concentration of H2O2 was calculated based on the extinction coefficient of ε240 nm = 43.6 
M
-1
cm
-1
. H2
18
O2 (2% v/v solution) and H2
18
O were purchased from Icon Isotopes, New Jersey, at 90.0% 
and 97.6% isotope enrichment, respectively.  All experiments were performed in 50 mM Tris-HCl pH 7.4 
buffer unless otherwise specified. 
57
Fe (95% enrichment) was obtained from Science Engineering & 
Education Co (Edina, MN). 
 
Overexpression and Purification of TDO 
TDO construction of the plasmid encoding full-length Cupriavidus metallidurans TDO (CmTDO) has 
been described elsewhere (156). The protein was purified by using a 100 mL HiLoad nickel-afﬁnity 
column and a Superdex 200 size-exclusion column on an ÅKTA FPLC system as described in an earlier 
spectroscopic study of the enzyme (157). The optical absorption spectrum of the as-isolated TDO used in 
this work displays a 405/280 nm (εSoret = 130 mM
1
 cm
-1, ε280 = 242 mM
-1
 cm
-1
) ratio of approximately 1.4 
– 1.5:1, corresponding to 60 – 65% heme occupancy based on the determination of protein concentration 
and iron content using inductively coupled plasma optical emission spectroscopy and EPR spin 
quantitation technique. The purified enzyme demonstrated a specific activity of 25 μmol/min/mg. The 
ferrous enzyme used as control samples in the UV-Vis and Mössbauer experiments were obtained by 
dithionite reduction of ferric enzyme under anaerobic conditions. 
 
Catalase-like activity assay 
Oxygen production was measured in a sealed reaction chamber (3 ml) with an integrated oxygen 
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electrode unit (Oxygraph System, Hansatech Instruments, UK) at 25°C.  The oxygraph experiments were 
initiated in aerated buffer in the absence and presence of L-Trp. The production of oxygen was monitored 
as a function of time. The kinetic data were fitted to the following equation: 
 
        ѵ/[E] = kcat[S]
n
/(Km
n
 + [S]
n
)   (6) 
 
where v is the steady state velocity; [E] is the concentration of TDO; [S] is the concentration of H2O2; kcat 
is the apparent catalytic turnover constant; Km is the Michaelis-Menten constant and n is the Hill 
coefficient or cooperativity index. TDO is known to exhibit a homotropic cooperativity during L-Trp 
binding (158). 
 
UV-Vis Spectroscopy 
All TDO samples were prepared in 50 mM Tris-HCl pH 7.4. The absorption spectra were obtained by 
using an Agilent 8453 UV-Vis spectrophotometer at room temperature. The enzyme reactivation by 
peroxide was performed under anaerobic conditions using a homemade long-arm sealed cuvette (1 ml). 
All the reagents had been degassed and purged with argon prior to the experiments. L-Trp stock solution 
was prepared in the reaction buffer in a warm bath (80 ˚C). Both L-Trp and H2O2 were freshly prepared in 
50 mM Tris-HCl pH 7.4 buffer that had been previously degassed and purged with argon. Unless 
otherwise stated, the final concentration of TDO in the reaction system was 5 μM. The enzyme was made 
anaerobic in a vial containing concentrated ferric TDO by repeated evacuation and refilling with argon. A 
gas-tight microsyringe was used for additions of various amounts of argon-saturated oxygen-free H2O2 to 
the enzyme-substrate complex. NFK concentration was determined by the known extinction coefficient at 
321 nm (ε321 nm = 3,150 M
-1
cm
-1
) (159). The apparent rates of the dioxygenation reaction were determined 
from the initial velocity of the NFK formation. The aerobic reaction of H2O2 with TDO in presence of L-
Trp was performed similarly with exclusion of the steps associated with the oxygen removal.  
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To test whether the ferric form of TDO can react with H2O2 and directly produce NFK through an 
unknown shunt pathway, we performed the enzyme reactivation in the presence of carbon monoxide 
(CO). In these experiments, CO was introduced to the reaction system either prior to the reaction or in the 
middle of the reaction (for comparison) by direct bubbling of CO gas into the reaction solution containing 
TDO, H2O2, and L-Trp.   
 
Mass spectrometry (MS) 
All reagents were prepared using anaerobic 50 mM Tris-HCl pH 7.4 buffer which was bubbled and 
purged with argon prior to the TDO reaction with peroxide experiments. The reactions were performed on 
ice with stirring using septum-sealed reaction vials. Ferric TDO (100 µM) was allowed to react with H2O2 
in the presence of L-Trp (5 mM), in which either H2
16
O2 or H2
18
O2 was added to a total of 4 mM 
concentration through a stepwise addition. After reacting for 20 minutes, TDO was removed from the 
reaction system using a Centriprep-10 at 3000×g for 10 min, and the filtrate was collected for electrospray 
ionization-mass spectrometry (ESI-MS) analysis. 
 
ESI spectrometric analyses were conducted on a Waters ESI-Q-TOF micro mass spectrometer equipped 
with a Waters alliance 2695 HPLC system (Milford, Massachusetts) in a positive mode. Samples were 
analyzed through either a direct infusion or through HPLC separation on a Waters 2695 Alliance HPLC 
system before MS analysis. The TDO reaction samples were mixed with 50% acetonitrile in water 
containing 0.1% formic acid before analysis. In LC-MS analysis, the collision energy was set to 30 eV. 
HPLC separation was achieved on a Restek Allure C18 column (100×2 mm i.d. 3 μM). Mobile phase A 
was composed of water and 0.1% formic acid. Mobile phase B was composed of acetonitrile and 0.1% 
formic acid. The elution gradients were performed starting at 100% A for 5 min; then falling to 0% A 
over 10 min; staying at 0% A for 15 min; then rising to 100% A over 20 min at a constant flow rate of 
200 µL/min. MassLynx 4.1 software was used for instrument control and data acquisition. 
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Solvent exchange of the dioxygenation product 
16
O-NFK was prepared according to the enzyme-based procedures described above. A concentrated 
sample of 
16
O-NFK was dissolved in H2
18
O (75% 
18
O) to exchange with solvent on ice for 20 min prior to 
the ESI-MS analysis. In a parallel experiment, a concentrated 
16
O-NFK sample was first dissolved in 
H2
18
O (75% 
18
O) for 20 min then concentrated again by rapidly evaporating the solvent under a vacuum. 
Finally it was re-diluted with H2
16
O. The final ratio of H2
16
O:H2
18
O was determined to be 60:1. This 
experiment was intended to examine if the solvent exchange would be fully reversible. 
 
Electron Paramagnetic Resonance (EPR) spectroscopy 
TDO EPR samples were made in reaction vials containing 50 mM Tris-HCl buffer, pH 7.4 with 10% 
glycerol, transferred to EPR tubes and quickly frozen in cold isopentane (-140 °C) or liquid nitrogen 
after the desired reaction time. The 12 and 30 s samples were made in EPR tubes by using a System 
1000 rapid-freeze-quenching apparatus (Update Instruments Inc) with a cold isopentane bath (-140 °C). 
Typically ten EPR samples with 0.15 – 0.50 mM TDO were made in each set of experiments with 1 – 6 
equivalents of peroxide in different experiments. Multiple sets of the EPR experiments were conducted 
to optimize the enzyme/peroxide ratio for production of reactive intermediates while minimizing loss of 
the heme cofactor. X-band EPR first derivative spectra were recorded in perpendicular mode on a 
Bruker EMX spectrometer at 100-kHz modulation frequency using a 4119HS resonator. The EPR 
measurement temperature was maintained with an ESR910 liquid helium cryostat and an ITC503 
temperature controller. A calibrated frequency meter was used to aid the g-value determination. Spin 
concentration was determined by double integration of the EPR signals obtained under low microwave 
power conditions and comparing to that of a copper standard (0.5 mM CuSO4, 5 mM EDTA) obtained 
under identical conditions. 
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The relaxation properties of the free radical at different temperatures were analyzed from EPR spectra 
obtained by varying microwave powers in the range 0.0002 – 200 mW. The values of half-saturation 
parameter (P1/2) were obtained by fitting the data according to Eq. 7: 
 
          I  1/(1 + P/P1/2)
b/2
 (7) 
 
where I is the EPR signal amplitude, b is the inhomogeneous factor, and P is microwave power. 
 
Mössbauer spectroscopy 
The 
57
Fe-enriched protein was obtained by expressing TDO in Escherichia coli using 
57
Fe-enriched 
culture medium as previously described (24). The Mössbauer samples were prepared from the as-
isolated 
57
Fe(III)-TDO and frozen in liquid nitrogen. In the Fe(II) formation Mössbauer experiments, a 
final concentration of 1.0 mM (heme concentration) 
57
Fe-TDO was used. To generate the high-valent Fe 
intermediate, 1.6 mM (heme concentration) 
57
Fe-TDO was used to react with six equivalents of H2O2 
(9.6 mM) and frozen in liquid nitrogen at 20 s or 50 s after reaction. Mössbauer spectra were recorded 
on a constant acceleration instrument with an available temperature range of 1.5 to 200 K. Isomer shifts 
are reported relative to Fe metal at 298 K. Least-square fitting of the spectra was performed with the 
WMOSS software package (WEB Research, Edina, MN). The low-temperature Mössbauer spectra of 
resting TDO were fit with the standard spin Hamiltonian (Eq. 8): 
 
   H = gβB.S + D[Sz
2
- S(S + 1)/3] + E(Sx
2
 – Sy
2
) + Aiso(S
.
I) -gnbnB·I + (eQVzz /12) [3Iz
2
-I(I + 1) + η(Ix
2
- Iy
2
)]       
(8)                
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Computational Modeling 
The hybrid functional B3LYP (160) with a Wachter’s basis (62111111/3311111/3111) for Fe (161), 6-
311G* for all the other heavy atoms, and 6-31G* for hydrogens was used to predict the values of 
Mössbauer quadrupole splitting and isomer shift, the same approach used in the previous work for various 
iron-containing proteins and models (see supporting information for more details)  (162, 163). In all the 
investigated models, the heme group is represented by a porphyrin with original  substituent replaced by 
methyl groups and the axial histidine group is truncated to be 5-methylimidazole. Geometries of all the 
structural models investigated in this work were optimized with the terminal atoms fixed at the X-ray 
crystal structure (2nw7.pdb, ref. 12) positions to mimic the protein environment effect, using the density 
functional theory (DFT) method BPW91 with the above basis set (164, 165),
 
which is the same approach 
used previously to investigate other oxyferryl species (162, 163)  
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CHAPTER 3  
ENZYME REACTIVATION BY HYDROGEN PEROXIDE IN HEME-BASED TRYPTOPHAN 
DIOXYGENASE 
 
3.1 Introduction 
 
The work presented here was done in collaboration with Dr. Rong Fu (catalase activity, EPR), Dr. 
Michael P. Hendrich and Dr. Rupal Gupta (Mössbauer), Jiafeng Geng (CO activity assay), Dr. Siming 
Wang (MS), and Dr. Yong Zhang (Computational studies). 
 
Hemoproteins perform a wide range of biological functions, including oxygen transport, storage, electron 
transfer, mono- oxygenation, and reduction of dioxygen. However, they rarely express dioxygenase 
activity as their native biological function. Tryptophan 2, 3-dioxygenase (TDO) is the first described 
exception (166-168). This enzyme employs a b-type ferrous heme prosthetic group to catalyze the 
oxidative cleavage of the indole ring of L-Trp, converting it to N-formylkynurenine  (NFK) (Scheme 1). 
This is the first and rate-limiting step of the kynurenine pathway of L-Trp metabolism, which oxidizes 
over 99% of L-Trp in mammalian intracellular and extracellular pools (167, 169-171). The kynurenine 
pathway constitutes the major steps in biosynthesis of NAD, an essential  redox cofactor  in all living 
systems (170). 
 
 
Scheme 1. The chemical reactions catalyzed by TDO 
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TDO is a hepatic enzyme first discovered in rat liver extracts in 1936 (166). An analogous  enzyme,  
indoleamine 2,3-dioxygenase (IDO), was isolated 31 years later from tissues other  than the liver (172). 
Although both enzymes catalyze the same reaction, TDO is highly substrate-specific with L-Trp, whereas 
IDO presents a more relaxed specificity. TDO is a homotetramer with a total mass of ~ 134 kDa, whereas 
IDO is a monomeric protein. The two enzymes share only 14% sequence identity but conserve similar 
active site architectures (156, 173, 174). In addition to humans,  TDO has also been found in other  
mammals,  such as rats  and  mice,  as well as in  mosquitoes and  bacteria (167, 170, 175-179). Recently, 
a potential heme-dependent  dioxygenase enzyme superfamily has been proposed (180). Moreover, 
several other heme-based proteins, such as myoglobin and hemoglobin, express dioxygenase activities 
from their mutant proteins under certain circumstances (181, 182). In general, TDO has been considered 
as a prototypical member and model system for studying the chemistry of heme-based dioxygenases.  
 
The ferrous heme in TDO is the catalytic center that binds and activates molecular oxygen. Like many 
other Fe(II)-dependent enzymes, TDO becomes  auto-oxidized when its primary substrate is absent.  In  
previous  studies,  hydrogen  peroxide (H2O2) was implicated  as an activator  by the finding that  the 
resting ferric TDO becomes active toward L-Trp after treatment with H2O2 (183). This was later 
confirmed by independent optical spectroscopic studies from various laboratories (175, 178, 184) and by 
the observations that the overall enzyme reactivation was inhibited  by catalase and that the addition of 
peroxide relieved the reactivation inhibition (175).  However, the mechanism by which ferric TDO is 
reduced to its ferrous form by reacting with H2O2 remains elusive after over 60 years.  
 
Here, we provide unequivocal evidence in support of the formation of the ferrous form of the enzyme by 
reaction of ferric TDO with peroxide and L-Trp.  A previously unknown two-phase enzyme reactivation 
mechanism is proposed based on the chemical identification of nearly all of the intermediates and 
products. In the first phase, the enzyme is oxidized by peroxide to generate a compound ES-type ferryl 
27 
 
 
intermediate. In the second phase, the ferryl and the protein-based free radical intermediates are each 
reduced by L-Trp. We further hypothesize that the physiological significance of the peroxide reactivity is 
to allow for the reactivation of the enzyme in an oxidizing environment. 
 
3.2 Reaction of oxidized TDO and H2O2 in the absence of L-Trp. 
 
The reaction of ferric TDO with H2O2 was examined with an oxygen electrode in a stirred cell at 25°C. 
Figure 1A shows that the addition of 50 equiv of H2O2 to the oxidized protein resulted in an immediate 
increase in the oxygen concentration of the reaction chamber. Another addition of H2O2 in the same 
amount led to a similar increase in the oxygen concentration, indicating that O2 generation is reproducible 
(Fig. 1A). When ferric TDO was added to the buffer containing H2O2, similar O2 production was 
observed (Fig. 1B), indicating no dependence on the order of additions. In contrast, addition of either the 
protein or peroxide alone, as shown in Figure 1, did not produce O2. These results demonstrate that O2 is 
produced from H2O2, and lead to the conclusion that Fe(III)-TDO possesses a catalase-like activity with 
H2O2 in the absence of L-Trp. The kcat, Km, and kcat/Km values of the TDO catalase-like activity 
determined from steady state analysis according to equation 1 are 13 ± 2 s
-1
, 16 ± 3 mM, 850 ± 65 M
-1
s
-1
, 
respectively (Fig. 2). The kinetic data show no cooperative behavior (n = 1) during O2 production from 
H2O2. 
 
28 
 
 
 
Figure 1. A, H2O2 decomposition and O2 production mediated by Fe(III)-TDO in a stirred O2-electrode 
cell in response to discrete additions of H2O2. B, reaction initiated by TDO. Arrows indicate the time 
points in which ferric TDO (5 µM) and H2O2 (250 μM or 1 mM in A, and 1 mM in B) were added to the 
reaction cell. 
 
 
 
 
Figure 2. Saturation curve showing the relation between the concentration of H2O2 and rate of the 
catalase-like activity of ferric TDO. Three repeating experiments were carried out 
and similar results were observed. 
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At 4.2 K, the as-isolated 
57
Fe-TDO shows a six-line magnetic pattern in Mössbauer spectrum (Fig. 3). The 
simulation overlaid on the experimental data (solid line) is calculated for an S = 5/2 iron site with δ = 0.42 
mm/s, ΔEQ = 1.53 mm/s, D = 13 cm
-1
, E/D = 0.01, and Aiso = 195 kG (Fig. 3B). These values are 
indicative of a high-spin ferric heme (157). Another sample of this protein solution was treated with six 
equiv of H2O2 (20 s reaction plus 10 s frozen time) prior to the spectroscopic characterization (Fig. 3A). 
The Mössbauer spectrum of this sample is composed of four species. One species is recognized as the 
high-spin ferric TDO which accounts for 25% of the iron in the sample. Fig. 3C shows the difference 
spectrum of A - 0.25B. This difference spectrum is composed of three overlapping doublets as indicated 
on the figure. The fit to the three doublets (solid lines) gives Fe parameters and relative amounts of: (1) δ 
= 0.055 mm/s, ΔEQ = 1.755 mm/s, 33%, (2) δ = 0.350 mm/s, ΔEQ = 0.703 mm/s, 17% (3) δ = 0.585 
mm/s, ΔEQ = 1.5 mm/s, 25%. Species 1 is assigned to an S = 1 Fe(IV) heme, tentatively in the Fe(IV)=O 
form. The parameter ranges of known S = 1 Fe(IV)-oxo heme species are δ = 0 - 0.1 and ΔEQ = 1.0 - 2.0 
mm/s. The other two species appear to be degradation products of the reaction with peroxide. Species 2 
has parameters in the range of high-spin ferric hemes, but the diamagnetic doublet indicates that the 
hemes are forming μ-oxo bridges (185). Species 3 is typical of nondescript Fe(III) formation (186), 
presumably due to loss of iron ion from heme. The same difference spectrum is unchanged in character 
when recorded at 100 K. Thus, the addition of 6 equiv of H2O2, all at once, resulted in a 42% loss of the 
heme and/or 
57
Fe from TDO, 25% remained unchanged, and 33% of the iron formed an iron(IV)-oxo 
heme species. The loss of heme is consistent with the observed tendency of the protein to lose the b-type 
heme cofactor. Similar results were observed for two repeats of the 
57
Fe-enriched TDO with H2O2 and 
observation with Mössbauer spectroscopy. At longer reaction time (50 s reaction plus 10 s frozen time), 
species 1 was decreased from 33% to 20%.  
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Figure 3. The Mössbauer spectra of 
57
Fe-TDO. A, Reaction of H2O2 (9.6 mM) with TDO (1.6 mM); B, 
TDO protein in resting state prior to the reaction with H2O2 , and C, difference spectrum of A - 0.25B. All 
spectra were recorded at 4.2 K in an applied field of 45 mT parallel to the direction of the beam of γ rays. 
The solid lines are least-squares fits with parameters given in the text. 
 
 
The reaction of TDO with H2O2 was also studied by EPR spectroscopy. The as-isolated ferric TDO 
displays a nearly axial EPR signal at g = 6 (Fig. 4) and a weak resonance at g = 2 (Fig. 5), typical of a 
high-spin ferric ion in a heme environment. Fig. 5 shows that this ferric EPR signal decreases in intensity 
upon addition of H2O2, concomitantly with the formation of a g = 2.0028 free radical signal. The 
amplitude of the EPR signal for the radical is shown on a reduced scale for comparison with the ferric 
heme signal. At 30 s, the radical species has a spin concentration of 18% of the initial ferric heme 
concentration. A plot of the concentrations of the high-spin heme and radical species as a function of time 
is present in Fig. 6. At 12 s, the free radical species has a spin concentration of 40% of the initial iron 
concentration. The sharp EPR signal of the 12 s sample at g = 2.0028, shown in Fig. 7, is omitted from 
Figure 5 for clarity. The EPR-active radical intermediate is present in addition to the postulated Fe(IV)-
oxo species characterized by Mössbauer spectroscopy. 
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Figure 4. EPR spectra of the high-spin ferric heme (150 μM) taken during the reaction with 
H2O2 (900 μM). EPR parameters: recording temperature, 10 K; microwave power, 1 mW; 
microwave frequency, 9.44 GHz; modulation amplitude, 0.8 mT. 
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Figure 5. The change in the EPR signals of TDO during the room temperature reaction of TDO (150 µM) 
with H2O2 (900 µM). The times at which the various EPR samples were frozen after addition of H2O2 are 
listed on the figure. The g = 2 signal is 20% of the original experimental data. EPR parameters for 
obtaining spectra are as follows: temperature, 10 K; microwave frequency, 9.44 GHz; microwave power, 
1 mW; and modulation amplitude, 0.8 mT. 
 
 
 
Figure 6. EPR signal intensity as a function of reaction time for the g = 2.0028 (red trace) 
and g = 6 (navy trace) resonances, respectively. The initial heme concentration was 150 μM. 
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Figure 7. The g = 2.0028 free radical (inset) and its relaxation properties. The power saturation of the 10 
K (square) and 100 K (circle) and the fit to Eq. 2 are shown, where I is the EPR signal amplitude and P is 
the microwave power. 
 
 
At later reaction times, the radical species decays and the high-spin ferric EPR signal gradually increases 
in intensity. At 10 minutes, the concentration of the high-spin heme species is about 70% of its initial 
concentration due to 30% loss of the heme under these conditions. The detected loss of heme in the EPR 
samples is lower than the ratio obtained by Mössbauer spectroscopy, presumably due to the low 
concentration of H2O2 used in the EPR experiments. During the reaction time of Figure 5, the shape of the 
high-spin heme EPR signal changed subtlety to a more axial species (Fig. 4), which suggests that the 
electronic environment of the heme changes during the reaction with peroxide. In the 12 s sample, the 
ferric heme signal at g = 6 is about 25% of the initial intensity prior to the reaction with H2O2 (Fig. 6). 
This observation suggests that although there are inequivalent hemes in the enzyme they all react with 
H2O2. 
 
The peak-to-peak line width of the radical signal is 1.72 mT (Fig. 7), which is too large for a peroxide-
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based free radical (< 1 mT), but typical for a protein-derived aromatic radical (6, 187). The microwave 
power saturation behavior of the free radical signal at g = 2.0028 was measured at 10 and 100 K, 
respectively (Fig. 7). The fit to the curves using Eq. 7 led to P1/2 values of 0.11 and 1.16 mW for 10 and 
100 K, respectively. These values suggest a weak interaction of the protein radical with the Fe ion. At 
approximately the same reaction time as the Mössbauer sample, the spin concentration of the protein 
radical is found to be comparable to the concentration of the Fe(IV)=O heme species. Together, these 
results suggest the formation of an intermediate composed of an Fe(IV)=O heme in close proximity to the 
free radical, similar to the so-called Compound ES (Cpd ES) description based on the initial 
characterization from cytochrome c peroxidase (CcP) (72, 188). The Cpd ES of CcP is a semistable 
enzyme intermediate that contains an Fe(IV)=O heme and a Trp radical (73). 
 
3.3 Reaction of oxidized TDO and H2O2 with L-Trp 
 
The as-isolated TDO exhibits visible absorbance characteristics of a histidine ligated ferric heme protein 
with a Soret band at 405 nm (Fig. 8). In the presence of L-Trp, the Soret band shifts to 406 nm (Fig. 9). 
The intensity of this 406 nm band decreases and new features at 432 and 321 nm develop during the 
addition of H2O2 to a reaction mixture containing ferric TDO and excess (1000 equiv, 5 mM) L-Trp (Fig. 
9). The 321 nm spectral feature resembles the optical data for the dioxygenation reaction of ferrous TDO 
using O2 as the oxidant and the absorbance in the range of 310 - 330 nm has previously been used to 
measure the formation of NFK (167, 189). Hence, the absorption at 321 nm is tentatively assigned to 
NFK production. When H2O2 was incubated with L-Trp in the absence of TDO, the development of the 
321 nm chromophore did not occur, indicating that NFK formation is an enzymatic process. As shown 
below, the NFK formation is due to generation of the ferrous form of enzyme. When the peroxide 
reaction was carried out in the presence of hydroxyurea, a known scavenger of protein-based free 
radicals, the NFK production in the anaerobic reaction with peroxide was significantly inhibited (Fig. 10), 
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suggesting the protein radical detected by EPR spectroscopy is indeed an intermediate in enzyme 
reactivation. In contrast, NFK production in the normal catalytic cycle of Fe(II)-TDO and O2 is not 
affected by the presence of hydroxyurea (Fig. 11). The inset (top panel) in Fig. 9C shows a slightly less 
than 1:2 ratio of [NFK]:[H2O2] stoichiometry. When the peroxide reaction was carried out under aerobic 
conditions, the amount of NFK formed was not associated with the concentration of peroxide because the 
reaction mediated by the ferrous enzyme had multiple sources of O2 (Fig. 12). 
 
Figure 8. UV-Vis spectrum of as-isolated Cupriavidus metallidurans TDO (CmTDO) 
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Figure 9. Optical spectra of TDO. (A) The Soret bands of ferric and ferrous CmTDO (5 μM) in the 
presence of L-Trp (5 mM) are observed at 406 and 432 nm, respectively. The Soret band of the ferric 
sample splits into two parts 30 s after addition of H2O2 (30 μM). (B) ferric TDO (black), after sequential 
addition of L-Trp (red), CO (green) and H2O2 (blue). The red and green traces are nearly identical to each 
other. (C) Optical spectra of TDO and L-Trp taken from the sequential additions of equal amount of H2O2 
(see text for experiment details). The inset is the calculated N-formylkynurenine (NFK) concentration as a 
function of the added H2O2 under anaerobic conditions. The concentration of H2O2 was determined using 
ε240 nm = 43.6 M
-1
cm
-1. NFK concentration was determined using ε321 nm = 3150 M
-1
cm
-1
 after subtraction 
of the initial spectrum. 
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Figure 10. Formation of NFK as a result of the peroxide reaction with ferric TDO (5 μM) and L-Trp (5 
mM). The spectra were taken from the anaerobic titration of 35 equiv of H2O2 (total 175 μM) in the 
absence (A) and presence (B) of hydroxyurea (10 mM). Each trace was obtained after the reaction was 
complete and subtracted against a spectrum of ferric TDO at the same concentration (5 μM).   
 
 
Figure 11. The effect of hydroxyurea (HU) on the enzymatic activity of ferrous TDO. Ferric 
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TDO was treated with 2 equivalents of sodium dithionite and purged with argon for 15 min under 
anaerobic conditions. The reactions were conducted in O2-saturated buffer containing 5 mM LTrp in the 
absence or presence of hydroxyurea (5 mM). 
 
 
 
Figure 12. Optical spectra of TDO (2 μM) and L-Trp (5 mM) taken from the reaction with H2O2 (Panel 
A: 2 – 50 μM, Panel B: 50 – 500 μM) under aerobic conditions. Panel C shows the Initial 
velocity as a function peroxide concentrations. Initial velocity of each set of experiment was 
counted within 20 - 40 s. High concentration of peroxide can inhibit the enzyme reactivation due 
to the oxidation of the newly generated ferrous TDO. 
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The fully reduced TDO, generated by chemical reduction by dithionite, present a Soret band at 432 nm 
when L-Trp is bound (Fig. 9). During the course of the reaction of ferric TDO with H2O2 and L-Trp, the 
Soret band decreases while an additional spectral shoulder feature emerges at 432 nm (Fig. 9). The 432 
nm chromophore matches the Soret band of ferrous TDO complex with L-Trp, suggesting the formation 
of the ferrous TDO from a fraction of ferric form of the enzyme. To confirm the formation of Fe(II) 
heme, CO was introduced to stabilize the presumed ferrous species in a separate test. In our previous 
study of ferrous TDO, the CO adduct exhibits a Soret band at 421 nm in the presence of L-Trp, and it is 
stable in the presence of O2 (24).  A similar 421 nm peak has also been reported for the ferrous-CO 
adduct of human TDO (190). When CO was bubbled into a solution containing ferric TDO and L-Trp, the 
addition of CO does not cause an observable shift of the Soret band. However, upon further addition of 
H2O2, a 421 nm band corresponding to the ferrous-CO adduct of TDO is generated (Fig. 9B). 
The formation of active Fe(II) form of TDO from the ferric state by peroxide was further verified by 
Mössbauer spectroscopy. Fig. 13A shows the Mössbauer spectrum of substrate-bound ferric TDO before 
addition of CO and peroxide. CO gas was bubbled through an anaerobic sample of ferric TDO with L-Trp 
for 5 min, after which 2 equiv of H2O2 were added and the sample was immediately frozen in liquid 
nitrogen. The spectrum of the H2O2-treated sample is shown in Figure 13B. The difference spectrum (Fig. 
13C), generated by subtracting 50% of the unreacted enzyme-substrate complex, shows a doublet 
indicating a diamagnetic species. The Mössbauer parameters of this species are the same as those of 
ferrous-CO adduct characterized in our recent work (157). 
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Figure 13. Mössbauer spectra of 
57
Fe-TDO. (A) Ferric TDO (1 mM) with 50 equiv of L-Trp, (B) after 
treated with CO and H2O2 (2 mM), and (C) difference spectrum of B – 0.5A. All spectra were recorded at 
4.2 K in an applied field of 45 mT parallel to the direction of the beam of γ rays. The solid line is the 
least-squares fits with parameters given in the text. 
 
 
It is known that CO reacts with the ferrous heme of TDO and that the ferrous-CO complex is catalytically 
inactive (190). Like O2, CO does not bind to ferric hemoproteins (191). With this knowledge in hand, CO 
was again employed as a probe to test if the ferrous heme generated by addition of H2O2 is catalytically 
active. Fig. 14 shows that the NFK production is inhibited by CO, indicating the dioxygenation product is 
generated by the Fe(II) heme. When the reaction was initiated by addition of ferric TDO, the initial rate of 
the CO-treated reaction system dropped by ca. 6.5-fold compared to that of the untreated sample under 
the same conditions (Fig. 14A). In a separate set of experiments, CO was introduced into the system 15 s 
after the reaction was initiated. An inhibition of the NFK formation was observed (Fig. 14B), 
demonstrating depletion of catalytically active Fe(II) enzyme by forming a stable but inactive Fe(II)-CO 
complex. Before CO was bubbled into the system, the formation of Fe(II) heme was visualized at 432 nm. 
After a small lag phase upon addition of CO, a sharp decrease of [Fe(II)] was observed (Fig. 14C). The 
absorbance at 421 nm was concomitantly increased due to the formation of the ferrous-CO adduct (Fig. 
14B). These experiments further show that the formation of NFK is catalyzed by ferrous TDO, and an 
enzyme reactivation mechanism must exist during the reaction with peroxide under appropriate conditions 
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discussed later. 
 
 
Figure 14. The effect of CO on the enzyme reactivation and formation of NFK. (A) Pre-incubation of CO 
into a solution of L-Trp (5 mM) and H2O2 (10 μM) (solid trace) compared to that in the absence of CO 
(dotted trace). The reaction was initiated by addition of ferric TDO (1 μM). (B) CO-bubbling 15 s after 
the reaction, which was initiated by addition of TDO (solid trace). The dotted trace shows a control 
experiment in the absence of CO. (C) Change of the Soret absorbance as a function of reaction time 
monitored at 421 nm (corresponding to Fe(II)-CO adduct) and 432 nm (ferrous heme in TDO), 
respectively. CO gas was bubbled into the solution after 50 s of the reaction. The experiments were 
carried out under aerobic conditions. 
 
 
3.4 Source of oxygen in NFK 
 
Mass spectrometric analyses of the reaction of ferric TDO and L-Trp with H2
16
O2 and H2
18
O2 were 
conducted. The enzyme was removed by filtration after 5 minutes of reaction with peroxide and prior to 
the mass spectrometry analysis as described in the experimental section. Fig. 15A shows that the substrate 
L-Trp presents an ion of mass-to-charge ratio (m/z) 205, corresponding to the anticipated [M+H]
+
 form. 
The ion at m/z 243 in this control sample is tentatively assigned to the dimeric form of Tris (Mr 242). A 
new major ion at m/z 237 is present in the TDO reaction mixture with H2
16
O2 as the oxidant (Fig. 15B). 
This new ion is absent in the control sample where TDO was omitted (Fig. 15A). The 32-dalton mass 
shift of the m/z 237 ion compared to the substrate is consistent with production of NFK in which two 
oxygen atoms have been incorporated into L-Trp. In addition, a peak at m/z 409 was observed in the 
42 
 
 
reaction and is tentatively assigned to an L-Trp dimer (Fig. 16). It was undetectable when either TDO or 
H2O2 was absent, or in the regular dioxygen reaction of ferrous TDO and O2. The m/z 409 ion was 
invariant when
18
O-enriched peroxide was employed in the reaction.  
 
 
 
Figure 15. ESI-mass spectrometric characterization of TDO. (A) L-Trp, (B) the reaction product of L-Trp 
and H2
16
O2 catalyzed by ferric TDO, (C) the TDO reaction using isotope-labeled H2
18
O2 as the oxygen 
donor, (D) A 
16
O-NFK sample, generated from the TDO reactivation process, was dissolved in an 
18
O-
enriched water (
16
O
 
:
18
O ratio of 3:5) after concentrating the reaction solution and removing the enzyme 
by filtration, (E) A copy of sample (D) was further diluted by 
16
O-water to reach a final 
16
O
 
:
18
O ratio of 
60:1 (1.6% 
18
O), and (F) The TDO reaction carried out in H2
18
O-based Tris-HCl buffer. 
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Figure 16. MS of Trp-Trp dimer. (A) 5 mM L-Trp in 50 mM Tris pH 7.4, (B) After reaction with H2O2 
(4 mM) in the presence of TDO (100 μM). The experimental details are described below. All the reagents 
were. prepared using anaerobic 50 mM Tris-HCl pH 7.4 buffer in H2 
18
O (75% 
18
O) which was bubbled 
and purged with argon for hours prior to the experiments. The reactions were performed on ice with 
stirring using septum-sealed reaction vials. Ferric TDO (100 μM) was allowed to react with H2O2 in the 
presence of 5 mM L-Trp, in which H2 
16
O2 was added to a total of 4 mM with a stepwise addition. After 
20 minutes of reaction, TDO was removed from the reaction system using a Centriprep-10 at 3000×g for 
10 min, and the filtrate was collected for electrospray ionization-mass spectrometry (ESI-MS) analysis. 
 
 
 
44 
 
 
When H2
18
O2 was used instead of H2
16
O2, an ion of m/z 241 was detected (Fig. 15C). This ion is consistent 
with the incorporation of two atoms of 
18
O into the product from H2
18
O2. An ion at m/z 237 was also 
observed due to the presence of the unlabeled 
16
O fraction of the peroxide reagent (90% 
18
O enrichment). 
Although the experiment was carried out under O2-free conditions, oxygen leak could occur during the 
process of filtration to remove enzyme from the reaction system and thus generated a small fraction of 
NFK by unlabeled oxygen, too. The amplitude of m/z 237 ion corresponds to less than 20% of the sum of 
the total product ions. In Fig. 15C a significant ion of m/z 239 is also present, which corresponds to the 
incorporation of one atom of 
16
O and one atom of 
18
O into L-Trp. To investigate the cause of the 
16
O/
18
O 
scrambling, a sample of 
16
O-NFK was prepared which presents the ion of m/z 237 of Fig. 15B. The 
16
O-
NFK sample was then re-dissolved in a solvent containing 
18
O-enriched water (78.1 atom%) with 
H2
16
O:H2
18
O ratio of 1:4. The final 
16
O:
18
O ratio was approximately 3:5. Fig. 15D shows that a new ion at 
m/z 239 is generated from the non-labeled NFK in a post-enzymatic reaction process in the presence of 
18
O-enriched water, which indicates that one 
18
O from solvent is exchanged into 
16
O-NFK.  
 
The 
18
O-water exchanged sample containing both the m/z 237 and 239 ions was then added to 
16
O water 
to reach a H2
16
O:H2
18
O ratio of 60:1 (1.6% 
18
O atom), and analyzed again by ESI-MS after a few minutes 
solvent exchange. Figure 15E shows that the m/z 239 peak is substantially reduced while the original m/z 
237 ion becomes the predominating species, which indicates a reversible solvent exchange for NFK. No 
m/z 241 peak is observed in either of the exchange experiments, indicating that one and only one oxygen 
site in the product NFK is solvent exchangeable. 
 
A parallel set of experiments was performed using unlabeled H2O2 as the oxidant in 
18
O-based solvent. 
The m/z 237 and 239 ions are present in the H2
16
O2/H2
18
O sample (Fig. 15F), consistent with solvent 
exchange after the catalytic reaction to form the m/z 239 ion. Collectively, these results suggest that the 
two new oxygen atoms incorporated into NFK are both derived from H2O2, and one of the oxygen atoms 
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is readily exchangeable with solvent. 
 
3.5 Identification of a minor but reproducible mono-oxygenated tryptophan product. 
 
In addition to the dioxygenation product NFK, two ions at m/z 220 and 221 are observed in the reaction of 
ferric TDO + L-Trp with unlabeled H2O2 (Fig. 15B). As described below, the m/z 220 ion is shown in the 
MS/MS experiments to be a fragment of NFK. The m/z 221 ion is, however, 16-Dalton greater than L-
Trp, which is consistent with the insertion of one oxygen atom into L-Trp. In the isotope-labeling 
experiments using H2
18
O2 as the oxidant, a corresponding m/z 223 ion, 18-dalton greater than L-Trp, is 
observed at the expense of the m/z 221 ion (Fig. 15C). The m/z 221 ion was not observed in the control 
mass spectrometry measurements of normal turnover using ferrous TDO, L-Trp and O2. 
 
Fig. 17 shows the results of an LC-MS experiment using H2
16
O2 with H2
18
O solvent to further characterize 
the two ions at m/z 220 and 221. The substrate (m/z 205) shows the greatest retention time of 16.6 min. 
The m/z 237 and 239 ions with a retention time of 6.1 min are due to the dioxygenation product NFK 
(Fig. 17D). The former has two 
16
O atoms inserted and the latter has a 
16
O and an 
18
O atom inserted into 
the substrate. The m/z 243 ion with a 2.9 min retention time is attributed to the Tris-HCl buffer used in the 
reaction, and the m/z 214 ion is a fragment of the Tris-HCl buffer (Fig. 17B). The ions at m/z 221 and 223 
have a retention time of the 5.3 min (Fig. 17C). It should be noted that the much longer solvent exchange 
took place in the LC-MS experiments. The observation of the m/z 223 ion in H2
18
O indicates that the 
presumed monooxygenated byproduct is solvent exchangeable but at a much slower rate. When 
18
O-
enriched peroxide was used in the experiments without LC separations, the m/z 223 ion was observed 
while m/z 221 ion was nearly absent (Fig. 17C). 
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Figure 17. LC-MS characterization of the TDO reaction with H2O2 and L-Trp. (A) HPLC 
chromatography of the reaction product of H2
16
O2-dependent oxygenation mediated by ferric TDO 
performed in H2
18
O. MS spectra at retention time of 2.88 (B), 5.25 (C), and 6.10 min (D). 
 
 
ESI-MS/MS experiments were subsequently conducted to characterize the major products of m/z 237 and 
239 ions. The Fig. 18 confirms that m/z 220 and 222 are the fragments of NFK (m/z 237 and 239, 
respectively), as a consequence of each losing an –16OH or –18OH group during ionization. The absence 
of the m/z 221 (223 with 
18
O) ion in the MS/MS spectrum of the m/z 237 (239 with 
18
O) ion is consistent 
with the LC-MS and isotope-labeling results and thus confirming that the m/z 221 ion is not a fragment of 
the NFK. The presence of the m/z 223 ion in the 
18
O sample suggests an isotope equivalent of the 
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presumed monooxygenated tryptophan (Trp-O). From these results, it can be concluded that the m/z 221 
ion (223 with 
18
O) is arisen from Trp-O. In a post-reaction treatment experiment after removing the 
enzyme by filtration, the sample containing the Trp-O was incubated with H2O2 overnight at 4 ˚C in the 
absence of TDO. The m/z 221 (or 223 with 
18
O) ion was unchanged in the spectrum after the peroxide 
treatment. 
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Figure 18. MS/MS analysis of m/z 220 and m/z 222 ion peaks. (A) ESI-MS spectrum of the TDO reaction 
in H2 
18
O solvent. MS/MS characterization of ion peaks of m/z 237 (B) and m/z 239 (C) of the spectrum 
A, respectively. 
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3.6 Modeling study  
 
The TDO ferryl species observed in our Mössbauer study exhibits an unusually large quadrupole splitting 
parameter of 1.755 mm/s at the physiologically relevant pH 7.4. This is greater than that of any other 
reported Fe(IV)-oxo species of hemoproteins, but is smaller than that of protonated Fe(IV)-oxo (see 
Discussion). Density functional theory calculations on the TDO ferryl intermediate were performed to 
evaluate the possible structural influences on the Mössbauer parameters, including protonation of the oxo 
group, hydrogen bonding to the oxo group from a distal histidine and a conserved Ser-Gly pair, and 
conformational change of the proximal histidine ligand (Table 6). The data presented suggest that the 
relatively large positive value of quadrupole splitting of parameter is a result of the H-bonding to the oxo 
group (see section 3.11). 
 
 
Table 6. Results of various models for TDO ferryl species
a
 
 Model RFeO 
(Å) 
EQ  
(mm/s) 
Fe 
(mm/s) 
TDO Experimental  1.755 0.055 
1A Fe
IV
(Por)
2-
(His)
0
(O)
2-
 1.654 1.54 0.14 
1B twisted His 1.648 1.97 0.13 
2A Fe
IV
(Por)
2-
(His)
0
(OH)
1-
 1.799 3.02 0.08 
2B twisted His 1.795 3.19 0.11 
3A Fe
IV
(Por)
2-
(His)
0
(O
…
HB)
2-
 1.663 1.78 0.12 
3B twisted His 1.657 2.20 0.11 
4A Fe
IV
(Por)
2-
(His
…
H2O)
0
(O)
2-
 1.656 1.44 0.14 
4B twisted His 1.646 2.14 0.12 
5A Fe
IV
(Por)
2-
(His
…
H2O)
0
(O
…
HB)
2-
 1.665 1.66 0.11 
5B twisted His 1.660 2.11 0.11 
6A Fe
IV
(Por)
2-
(His)
0
(OH
…
HB)
1-
 1.792 3.07 0.10 
7A Fe
IV
(Por)
2-
(His)
0(O…HB)2-(distalHis)-1 1.664 1.82 0.12 
8A Fe
IV
(Por)
2-
(His)
0(O…HB)2-(distalHis)-2 1.672 1.97 0.09 
9A Fe
IV
(Por)
2-
(His)
0(O…HB)2-(distalHis)-3 1.670 2.01 0.10 
a
 HB represents the Ser124-Gly125 residues hydrogen bonded to the oxo group. In 7A, the terminal atoms 
in the distal histidine are fixed at X-ray determined positions, while in 8A, those atoms are allowed to be 
optimized. In 9A, all atoms of the HB group (CmTDO Ser124-Gly125) are also allowed to be optimized 
compared to 8A. 
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3.7 Reactivation of ferric TDO 
 
This work describes an extensive effort to uncover the long-standing reactivation mystery. Although the 
activation of ferric TDO by H2O2 in the presence of L-Trp has been known since 1950 (183), the 
mechanism of the reactivation was not resolved. The optical and Mössbauer spectroscopic data shown in 
this work confirms that the addition of H2O2 to the ferric form of TDO in the presence of L-Trp results in 
reduction of the enzyme to produce ferrous heme. The enzyme assay demonstrates that the ferrous 
enzyme generated by peroxide is catalytically active and is inhibited by CO. A plausible mechanistic 
model is presented in Scheme 1 that brings together the EPR, Mössbauer, optical, and mass spec data. In 
order for the model to be correct, ferryl intermediate, protein radical, O2 production, Trp-dimer, 
monooxygenated Trp and the normal product NKF must all be observed, and all of them are presented in 
the results.  
 
In the proposed reactivation model, the first step of the reaction involves a peroxide-dependent process to 
generate Cpd ES (Scheme 2). The second step involves two branching pathways that deplete Cpd ES: (A) 
a catalase-like reaction leading to O2 production, and (B) reduction of the protein radical and Fe(IV)=O 
species by L-Trp resulting in Trp-O and ferrous TDO. The second branching reactions consume the two 
oxidizing equivalents stored in the Cpd ES intermediate and, consequently lead to enzyme reactivation 
and L-Trp dimerization. The reduction of the protein radical by the presence of L-Trp is a necessary step 
for the Fe(IV)=O to oxidize the substrate and become reduced to ferrous in branch B, because the high-
valent Fe ion alone can no longer perform the catalase-like function. We performed a set of experiments 
in which the protein radical is quenched by a scavenger, such as hydroxyurea, and found that the catalase-
like reaction is stalled. Consequently, O2 production is inhibited, so is the NFK production in the 
anaerobic experiments (Fig. 10). 
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Scheme 2. Mechanism of enzyme reactivation by hydrogen peroxide in tryptophan 2, 3-dioxygenase. The 
reactivation pathway branches at the Compound ES-type ferryl intermediate. In the absence of L-Trp, a 
catalase-like activity is present. The enzyme reactivation occurs when the protein radical and the ferryl 
species are each reduced by L-Trp. Intermediates shown in brackets are predicted but not detected 
experimentally. 
 
The reactivated enzyme turns over L-Trp with O2 to produce NFK, which is observed both optically and 
with mass spectrometry. Under anaerobic conditions, the source of oxygen for the Fe(II)-dependent 
dioxygenation reaction arises solely from the catalase-like catalytic cycle. While under aerobic 
conditions, oxygen is not limited to that produced by the catalase-like activity. L-Trp is quickly converted 
to NFK under aerobic conditions. High concentration of peroxide can inhibit the enzyme reactivation in 
the aerobic experiments. This is due to the depletion of L-Trp and oxidation of the newly generated 
ferrous TDO (Fig. 12). 
 
Although the presence of both H2O2 and L-Trp will cause TDO reactivation, there are two prerequisites 
for spectral detection of Fe(II) heme from the ferric enzyme: (1) L-Trp must be present in large excess 
relative to enzyme, and (2) L-Trp/H2O2 ratio must be greater than 2. The branched pathways shown in 
Scheme 2 are the competing reactions. Branch A is [H2O2]-dependent, while it is independent of [L-Trp]. 
Branch B, on the other hand, is [L-Trp]-dependent. H2O2 is also required for branch B to take place, so it 
is not independent of [H2O2]. A large excess of L-Trp must be present for branch B to effectively compete 
with branch A. The branched pathways are also internally connected. When the concentration of H2O2 is 
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increased, the rate of O2 formation increases; at the same time, the NFK formation should decrease as 
branch A competes with branch B. However, the O2 generated from branch A would become substrate of 
the dioxygenase reaction in branch B, hence masking this effect. O2 production was also detected in the 
reaction of TDO and H2O2 in the presence of L-Trp, but at a much slower and variable rate depending on 
the reaction conditions, e.g., the concentration and ratio of H2O2 and L-Trp.  Because the Fe(II)-TDO 
consumes O2, the change of O2 concentration is a net effect of the catalase-like activity and the NFK 
formation. Thus, the classic kinetic measurements would not be very informative unless the exact 
concentration of the ferrous enzyme is characterized by spectroscopic methods at all times and under each 
of those conditions. Nevertheless, the observation of O2 production in the presence of L-Trp suggests that 
the catalase-like reaction is not affected by the presence of the enzyme-bound L-Trp. Hence the catalase-
like activity is probably an intrinsic property of TDO. 
 
An intriguing aspect of the TDO reactivation is that the reduction of Fe(III) to Fe(II) heme in the absence 
of a reducing agent. H2O2 is a common oxidant with a standard reduction potential 1.32 V for the couple 
H2O2/2H2O at pH 7.0 (192), which is significantly higher than that of IDO (-30 mV) (193), and is also 
expected to be much higher than that of CmTDO based on the reported data of Xanthomonas campestris 
TDO (< +150 mV) (174). Scheme 2 reveals that the reducing power in the TDO reactivation is ultimately 
derived from L-Trp. 
 
A full conversion of Fe(III) to Fe(II) in TDO reactivation was never observed in this work. We believe 
this is due to the presence of competing reactions and because the ferrous heme can be re-oxidized. The 
amount of ferrous heme generated by this method depends on the concentrations of peroxide and L-Trp. 
In the presence of CO, the ferrous heme is stabilized against oxidation. The presence of CO also inhibits 
the production of NFK, indicating that the formation of NFK is through the normal enzyme cycle 
catalyzed by ferrous TDO and O2 rather than a short circuit or peroxide shunt described for cytochrome 
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P450 enzymes (194-197). The experimental results presented here do not include evidence for a ferryl 
intermediate in the presence of L-Trp, but the observation of the ferryl intermediate in the absence of L-
Trp suggests that the protein active site is capable of forming the ferryl intermediate. Previously, high-
valent ferryl intermediate has never been trapped in TDO. Hence, it is likely that the decay rate of the 
high-valent Fe intermediate is greater than the formation rate when the primary substrate L-Trp is 
available. The Fe(IV)-oxo intermediate would thus never accumulate in the presence of L-Trp.  
 
3.8 Potential physiological relevance 
 
H2O2 is naturally produced by enzymes such as oxidases in organisms as a byproduct of aerobic 
respiration. Basal levels of H2O2 are present in most cells. In healthy individuals, H2O2 is produced in 
sufficient quantity to counteract unwanted bacterial invaders (198). During oxidative stress of the 
organism, reactive oxygen species, including H2O2, may be overproduced (199). In this work, we show 
the first clear spectroscopic observation that H2O2 is able to react with ferric TDO and L-Trp to produce 
the catalytically active form of the enzyme. The H2O2-based mechanism of enzyme reactivation may be 
physiologically important because TDO is a hepatic enzyme, and hepatocytes are known to be an 
oxidizing environment that may cause inactivation of TDO by oxidation of iron ion. In contrast, the 
catalytic activity of IDO is known to be inhibited by H2O2 (200). It is worth noting that IDO exists in 
tissues other than the liver and is unlikely to become oxidized under normal cellular conditions, 
suggesting that the H2O2-triggered reactivation mechanism found in TDO would not be necessary for 
IDO. Under normal physiological conditions H2O2 is present at low levels in cells. However, we find that 
a small amount of peroxide is sufficient to cause enzyme reactivation under aerobic conditions and when 
the primary substrate L-Trp is present. This is significant as amino acids are neither stored nor excreted in 
the human body. They have to be degraded. TDO is the key enzyme responsible for tryptophan 
degradation. In general, the discovery of such an enzyme reactivation mechanism by peroxide is 
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important for understanding strategies how a ferrous enzyme maintains its catalytic activity in an 
oxidizing environment. 
 
3.9 Byproducts of the enzyme reactivation 
 
Two minor byproducts were detected after enzyme reactivation: a Trp-Trp dimer and a Trp-O species. A 
m/z of 409 ion corresponding to the L-Trp dimer, is observed in our mass spectrometric study, which is 
absent in the control samples described in the results section. The dimerization of L-Trp is tentatively 
attributed to the result of reduction of the protein radical by L-Trp. Our isotope-labeling analyses show 
that the Trp-Trp dimer is insensitive to 
18
O-enriched peroxide. Thus, its formation is not linked with the 
oxo group of the ferryl intermediate. The Fe(IV)-oxo intermediate oxidizes an enzyme-bound L-Trp to 
generate a monooxygenated product via a two electron oxidation. This monooxygenated product is 
experimentally detected by mass spectrometry (m/z 221). An 
18
O enriched form (m/z 223) is also 
observed. LC-MS experiments provided further evidence for the presence of a monooxygenated product. 
The minor Trp-O product is a byproduct of reactivation and is expected to be only equivalent to the 
ferrous heme concentration. Due to the limitation of L-Trp solubility, one cannot increase the enzyme 
concentration to the millimolar range. The yield of Trp-O is unfortunately insufficient for further 
structural characterizations by other means such as NMR spectroscopy. Thus, its precise chemical 
structure is presently unknown. The most likely candidate is an epoxide, derived from O-insertion of the 
indole. An alternative candidate is 6-hydroxytryptophan, which is observed in the reaction of L-Trp, H2O2 
and a triple mutant of myoglobin (201). The Trp-O byproduct survives during the enzyme reactivation. A 
similar Trp-O product was not observed in the dioxygenase cycle of the ferrous TDO reaction with O2 as 
the oxidant, nor is shown in the reaction of peroxide with ferrous TDO. The structure of Trp-O is 
probably insignificant in this work because this minor product is not generated from the ferrous heme-
dependent catalytic cycle of dioxygenase reaction. Nonetheless, the finding of the Trp-O byproduct has 
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helped us understand how the reactivation proceeds through the involvement of L-Trp. 
 
3.10 Catalase activity of TDO 
 
We have identified a previously unknown catalase-like activity for TDO by two sets of experiments. The 
first entails direct observation of O2 formation from H2O2, and the second is the spectroscopic study of an 
Fe(IV)=O species necessary for a catalase-like catalytic mechanism. Similar to other heme enzymes for 
which this catalase-like function is not native, the data presented here indicate that this activity is 
detrimental to the function of the enzyme. The addition of concentrated peroxide without L-Trp results in 
radical formation and irreversible partial loss of enzymatic activity as shown by the loss of heme and iron 
from the enzyme in our Mössbauer experiments. It has been shown that the heme-based catalases and the 
enzymes with a promiscuous catalase-like catalytic activity have a wide range of catalytic efficiencies 
(Table 7). The catalase-like activity observed from TDO, at 13 s
-1
, is significantly below those found in 
native catalases or bifunctional catalase-peroxidases KatG. However, it is appreciable in comparison to 
the catalase activities of other hemoproteins whose primary biological activities are not catalase (Table 7). 
Whether the catalase-like activity has a physiological role in vivo is speculative. However, the reactivity 
of TDO with H2O2 is important for enzyme reactivation when the primary substrate is present. 
In the mechanism of catalase, the ferric heme reacts with the first peroxide molecule to produce a reactive 
oxoferryl and a π-cationic porphyrin radical, which subsequently reacts with a second peroxide to produce 
an O2 molecule and water (202, 203). Our observation of an approximate ratio of 1:2 ratio of 
[NFK]:[H2O2] stoichiometry under anaerobic conditions (Figure 9, inset) is consistent with the catalase 
mechanism. The observed NFK/H2O2 ratio is slightly under 1:2 which is puzzling. This deviation may be 
explained by the nonproductive consumption of peroxide in the following processes: 1) the small amount 
of peroxide used to generate ferrous heme, 2) peroxide-induced heme degradation observed in our 
Mössbauer study, and 3) oxidation of the newly generated ferrous heme. The last of which is 
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inconsequential when O2 is the limiting reagent. 
 
Table 7. The kinetic properties of catalase activity in hemeoproteins. 
Protein k
cat 
(s
-1
) Km (mM) kcat/Km (M
-1
s
-1
) 
Horse liver catalase (204) 3.8  107 1100 3.5  107 
E. coli catalase-peroxidase (205) 1.6  104 3.9 4.1  106 
M. tuberculosis KatG (206) 
Recombinant KatG (204) 
1.0  104 
2.3  103 
5.2 
30 
1.9  106 
7.7  104 
Periplasmic catalase–peroxidase (KatP) 
(207) 
1.8  104 
 
27 6.4  105 
Nα-acetylated microperoxidase-8 (208) 4.1 40.9 100.2 
Catecol oxidase (209) 0.063 1.2 63 
Hemoglobin (Bovin) (210) 1.92 24 80 
TDO (this work) 13 16 850 
 
 
3.11 Ferryl intermediate of TDO 
 
We present clear spectroscopic evidence for the first experimental observation of a high-valent Fe species 
in TDO. The detection of a monooxygenated product is consistent with the recent successful detection of 
an oxoferryl intermediate in the orthologous enzyme IDO by resonance Raman spectroscopy (211). Such 
a high-valent Fe intermediate was expected to exist in the enzyme mechanism in a recent ONIOM study 
(212). 
 
We show that the addition of H2O2 to ferric TDO, in the absence of L-Trp, generates an Fe(IV)-oxo 
species and a protein-based radical with a concomitant decrease in ferric TDO concentration. At 
approximately the same reaction time, the concentrations of the Fe(IV)-oxo and radical species are 
comparable. Thus, the generation of the Fe(IV)-oxo and radical species in nearly equal amounts is 
consistent with formation of a Cpd ES-type intermediate, rather than an Fe(IV)-oxo/porphyrin cation 
intermediate (Cpd I) observed in catalases. The presence of a Cpd ES species, which may be derived from 
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a Cpd I-type intermediate in this case, may be critical for the subsequent enzyme reactivation to occur, 
because the Fe(IV)=O species and radical intermediate will have to be reduced by L-Trp through separate 
reactions. 
 
The observed radical species has properties in common with those of protein-based aromatic radicals. The 
P1/2 value of the observed radical in TDO (1.2 mW at 100 K) is significantly higher than that of isolated 
free radicals (187), for example, 0.07 mW at 90 K (213), indicating the presence of a relaxation 
mechanism. The P1/2 value for the protein-based Trp radical of Compound ES species of cytochrome c 
peroxidase is 1.5 mW at 100 K (145), and the Tyr radical of P450-ES is 1 mW at 70 K (214). These 
higher P1/2 values have all been attributed to relaxation of the radical by the adjacent heme iron. The P1/2 
value of the TDO radical is indicative of its close proximity to the metal center. The site of the radical in 
TDO is to be determined by future study. There are at least four tyrosine and tryptophan residues in the 
immediate vicinity of the enzyme active site. The identification of the radical site is challenging because a 
mutation of a tyrosine/tryptophan (fated to be a free radical) can result in the radical moving to a nearby 
tyrosine/tryptophan, as demonstrated in other heme-based enzymes such as prostaglandin H synthase 
(110).  
 
Recent experimental studies and density functional theory calculations suggest that the EQ value might 
correlate with the protonation state of some heme-based ferryl species (215, 216). The parameter range 
for protonated Fe(IV)-OH species is 2.00 – 2.5 mm/s (217), while the range for unprotonated Fe(IV)=O is 
1.0 – 1.6 mm/s (215-219). The EQ of the TDO Fe(IV)-oxo intermediate (1.755 mm/s determined at the 
physiologically relevant pH 7.4) lies between these ranges (Table 8). The quadrupole splitting parameter 
of the TDO intermediate is noticeably greater than those of any other heme-based ferryl species but much 
smaller than those of protonated basic ferryl species. The nearest value is found in MauG, another enzyme 
that oxidizes L-Trp inside a protein (220). A bis-Fe(IV) intermediate has been trapped from MauG and 
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one of the hemes is described as an oxyferryl species with EQ value of 1.70 mm/s (220). 
 
 
Table 8. Comparison of the Mössbauer parameters of TDO Fe(IV) intermediate with known heme-based 
ferryl moieties 
a
. 
Intermediate  Iron Species  Trans Ligand Spin   (mm/s) EQ (mm/s) Refs 
CcP-ES [Fe
4+
=O
2-
]
 
 histidine S = 1 0.05 1.55 (72) 
HRP-I [Fe
4+
=O
2-
]
 
 histidine S = 1 0.08 1.25 (221, 
222) 
HRP-II Fe
4+
=O
2-
  histidine S = 1 0.03 1.61 (222) 
Mb-II Fe
4+
=O
2-
  histidine S = 1 0.09 1.43 (223) 
JRP-I [Fe
4+
=O
2-
]
 
 histidine S = 1 0.10 1.33 (224) 
JRP-II Fe
4+
=O
2-
 histidine S = 1 0.03 1.59 (223) 
Mb (annealed) Fe
4+
=O
2-
  histidine S = 1 0.10 1.49 (225) 
CPO-I 
CPO-II 
[Fe
4+
=O
2-
]
  
Fe
4+
=O
2-
 
cysteine 
cysteine 
S = 1 
S = 1 
0.13 
0.11(3) 
0.96 
1.59 
(153),76 
(216) 
P450-I [Fe
4+
=O
2-
]

 cysteine S = 1 0.11 0.90 (226) 
TDO  Fe
4+
=O
2-
  histidine S = 1 0.055 1.755 This 
work 
MauG Fe
4+
=O
2-
  
(heme site 1) 
histidine S = 1 
 
0.06 
 
1.70 
 
(220) 
Basic CPO-II [Fe
4+
=O
2-
]H
 
 cysteine S = 1 0.10(3) 2.06(3) (216) 
Basic P450BM3 [Fe
4+
=O
2-
]H
 
 cysteine S = 1 0.13 2.16 (215) 
Basic P450cam [Fe
4+
=O
2-
]H
 
 cysteine S = 1 0.14 2.06 (215) 
a Abbreviations used in this table are: CcP, cytochrome c peroxidase; HRP, horseradish peroxidase; Mb, myoglobin; JRP, Japanese radish 
peroxidase. P450-I was trapped and characterized from CYP119, the thermophilic P450 from Sulfolobus acidocaldarius (226). 
 
 
Protein environments can conceivably provide a range of proton interactions with the oxyferryl heme. A 
possible interpretation of the atypical quadrupole splitting value was examined in this work by DFT 
calculations performed on fourteen structural models (not shown). Since the iron equatorial heme ligands 
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in TDO are the same as those found with other heme proteins that display typical Mössbauer EQ values 
for Fe(IV)=O species, these models were used to evaluate the structural contributions that can directly 
affect the iron axial ligands: 1) protonation of the oxo group, 2) hydrogen bonding to the oxo group, 3) 
hydrogen bonding to the proximal His, and 4) conformation of the proximal His. All the models were 
generated on the basis of the X-ray crystal structure of the substrate-free TDO (PDB ID: 2NW7). 
Geometries of the models (see Table S1-14 for the optimized coordinates) were optimized using the 
method developed previously for defining other oxoferryl species (163) with the terminal atoms fixed at 
the X-ray crystal structure positions to mimic the protein environment effect. Both the Mössbauer 
quadrupole splitting and isomer shift parameters for these models were calculated using the DFT method, 
which enabled accurate predictions of these two properties in various iron proteins and models covering 
all iron spin states and coordination states (162, 163). 
 
As shown in Table 6, the predicted Mössbauer isomer shift () of these models are all close to the 
experimental value with no significant difference, indicating its insensitivity to the secondary structural 
changes along the axial positions. In contrast, the predicted Mössbauer quadrupole splittings (EQ) 
display a large range from 1.44 mm/s to 3.19 mm/s, suggesting its role as a sensitive structural probe. The 
best agreement with the experimental value was found by incorporation of the nearby hydrogen bonding 
residues Ser124-Gly125 (these two residues are fixed at their X-ray positions except for the peptide bond 
atoms CONH, which were allowed to be optimized). The predicted EQ value of 1.78 mm/s for model 3A 
(i.e., Fe
IV
(Por)
2-
(His)
0
(O
…
HB)
2-
, Table S5) is in excellent agreement with the experimental measurement 
of 1.755 mm/s described in this work. These calculations suggest that the EQ value of the TDO ferryl 
species originates from the hydrogen bonding interaction provided by the unique protein environment, 
similar to the computational results obtained for the MauG Fe(IV) species (162). 
 
An examination of the high-resolution crystal structures of TDO from both Cupriavidus metallidurans 
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and Xanthomonas campestris (PDB codes: 2NW7, 2NW8, and 2NW9) (174) suggests that the conserved 
active site residues at the distal pocket, His72 and Gly125 (CmTDO numbering system) are ideal 
candidates for hydrogen bonding with the Fe-bound oxo group. These residues are also conserved in the 
human enzyme. The role of these two residues has already been investigated in recent experimental and 
computational studies (158, 211, 227, 228) by several laboratories. The consensus is that the heme site in 
the dioxygenase can indeed generate a high-valent Fe(IV)-oxo species under appropriate conditions and 
that the protein microenvironment is critical to dictating the chemical and physical property of the 
intermediate. 
 
3.12 Oxygen exchange with solvent in NFK 
 
An unexpected minor finding of this study is that one of the oxygen atoms in the reaction product NFK is 
exchangeable with water in the time frame of minutes. Based on the well-known ketonic oxygen 
exchange with water, and the fact that both the carboxylate oxygen and the amide group of NH-COOH 
can exchange with a buffered solvent slower than a ketone (229-231), we propose that the ketone 
carbonyl group exchanges its oxygen with solvent via a diol-intermediate mechanism. Scheme 3 depicts a 
plausible mechanism for the solvent exchange. The nucleophilic attack at the ketone carbon by water 
generates a diol-intermediate. This is facilitated by a transient state with a six-member ring structure. The 
finding of NFK solvent exchange may become important in the mechanistic studies of the enzyme with 
18
O. A previous 
18
O-study was carried out by Hayaishi et al. in the absence of the knowledge of solvent 
exchange described in this work. The less than theoretical 
18
O content was found in kynurenine, the 
hydrolysis product of NFK, and the exact contents vary in different sets of experiments (232). 
Furthermore, the results of 
18
O2 and 
18
O-water are not mutually consistent. This was thought to be caused 
by either an exchange reaction during the isolation procedure or by preferential utilization of 
16
O over 
18
O 
by TDO (232). The previous observations can be fully explained by our proposed 
18
O-exchange 
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mechanism. It is the ketonic oxygen exchange that causes less than one atom of 
18
O in kynurenine, rather 
than the preference of 
16
O over 
18
O hypothesized in the previous study. The exact 
18
O content in NFK and 
kynurenine is dependent on the sample preparation procedures, i.e., the longer solvent exchange time 
lowers 
18
O content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Scheme 3. Proposed solvent exchange mechanism on the carbonyl group of NFK. 
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CHAPTER 4 
Nature’s Strategy for Oxidizing Tryptophan: EPR and Mössbauer Characterization of the Unusual 
High-Valent Heme Fe Intermediates  
 
4.1 Two Oxidizing Equivalents Stored at a Ferric Heme 
 
Heme (iron protoporphyrin IX) proteins play important roles in a wide array of biological functions, 
including single electron transfer mediators, oxygen transport and storage, redox reactions, detoxification, 
and transcription regulations. Heme proteins are also known to play a key role in many metabolic 
processes involving oxidation reactions to satisfy the needs required for sustaining life. Redox reactions 
involve the transfer of electrons to and from a heme and thus produce heme intermediates with distinct 
oxidation states of the iron ion, some of which are high-valent Fe intermediates. The term “high-valent” is 
defined here as the iron ion with an oxidation state exceeding III. The most common heme Fe oxidation 
states found in biological chemical reactions are the ferrous, ferric, and ferryl species (233-236). 
Mössbauer spectroscopy, which can detect and characterize Fe species in all forms, is thus an 
indispensable tool for understanding the fundamental aspects of heme chemistry in enzymology. In the 
past decades, the high-valent Fe chemistry developed from biochemical, spectroscopic, and modeling 
studies has provided key insight into numerous essential biological processes that involve enzymes with 
Fe cofactors (197). Thus, the importance of high-valent Fe intermediates in heme and nonheme systems 
has become widely appreciated. 
 
Since the oxidation or oxygenation reactions involving molecular oxygen are generally two- or four-
electron processes, an important piece of chemistry is to understand how the metal centers store and, 
stabile, the oxidizing equivalents. When two oxidizing equivalents are stored at a heme center, the most 
common form of the heme intermediate is known as Compound I (cpd I), which is a classical intermediate 
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with a ferry1 ion, i.e., Fe(IV)=O, coupled with a π-cation radical located on the porphyrin ring (Por) (Fig. 
19). Such a heme Fe intermediate transiently stabilizes two oxidizing equivalents above the resting 
Fe(III), and it is chemically equivalent to an Fe(V) species. Until now, Fe(V) intermediates have not yet 
been observed in any biological reactions. Compound I appears to be the most popular natural evolution 
of strategy for storing oxidizing power on a heme moiety. Similar to an Fe(V) species, the two oxidizing 
equivalents in cpd I are stored in the heme cofactor. However, cpd I is an easily modifiable system 
compared to Fe(V) due to its higher chemical stability gained from the charge distribution to the 
porphyrin ring. This is a great advantage for promoting biological reactions because the organic substrates 
need to bind to the enzyme active site and orientate properly. At the same time, the enzyme active site 
often needs reorganization and conformational changes in order to activate substrates or stabilize transient 
intermediates. The oxidative heme intermediate should not be too reactive to accommodate the required 
substrate orientation and active site reorganization. Another common form of the high-valent Fe species 
in heme proteins is Compound ES (cpd ES), which is composed of an Fe(IV)=O heme and amino acid-
based cation radical in close proximity to the high-valent heme. The Compound ES description is based 
on the initial characterization from cytochrome c peroxidase (237).  In cytochrome c peroxidase, 
Compound ES is derived from the transfer of the porphyrin cation radical of a Compound I-type 
intermediate to a nearby tryptophan (Trp) residue.  Likewise, cpd ES is also an intermediate state with 
two oxidizing equivalents above the original ferric state. In what follows, we will review in this chapter 
the discovery of a third high-valent Fe heme intermediate termed Compound G (cpd G), which carries the 
two oxidizing equivalents in two discrete hemes and presents a bis-Fe(IV) intermediate (Figure 19). Cpd 
G is an unprecedented Fe species. This intermediate was found from a diheme enzyme that oxidizes 
tryptophan residues in the substrate protein. The spatial separation of the two oxidizing equivalents found 
in cpd G results in unique consequences in stability and chemical properties of the intermediate. This 
chapter will review its discovery and discuss its biological and general chemical significance. 
64 
 
 
 
Figure 19. Strategies to store two oxidizing equivalents in heme proteins. The inset shows a Mössbauer 
spectrum of a bis-Fe(IV) intermediate in MauG (220). The hashed marks are the experimental data of 
diferric MauG reacts with one equiv of H2O2 for 45 s. The noisy line indicates the contribution of ferric 
heme (~34% of total Fe). The simulated smooth solid line represents two Fe(IV) species. See text for 
details. 
 
 
4.2 Oxidation of L-Tryptophan by Heme-Based Enzymes 
 
L-Tryptophan (Trp) is an essential amino acid for humans. The majority of the dietary supply of Trp is 
metabolized in the kynurenine pathway in which tryptophan 2,3-dioxygenase (TDO), the enzyme that 
converts Trp to N-formylkynurenine, catalyzes the first and committed step. In addition to being an 
important metabolite, Trp is also involved in various biochemical activities. When cross-linked and 
oxygenated, two Trp residues can serve as a cofactor for amine oxidations in several enzymes (238, 239).  
Furthermore, Trp plays many indirect biologically significant roles. In the kynurenine pathway, several 
metabolites generated from Trp oxidation is known to display neuroactive properties (169, 171). 
Kynurenic acid is a neuroprotectant and endogenous antagonist at N-methyl-D-aspartic acid (NMDA) 
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receptors while quinolinic acid is an agonist of these receptors. L-Tryptophan is also an endogenous 
source of NAD production, and the kynurenine pathway constitutes the major part of the de novo 
biosynthetic route of NAD (169-171). The oxidation of the amino acid tryptophan is thus an important 
biological event. 
 
 
     
Figure 20. The ligand-bound structure of tryptophan 2,3-dioxygenase  
PDB: 2NW7, Forouhar et al., 2006, PNAS, 104, 473-478  
 
 
Recent reports have linked the oxidation/oxygenation of free and protein-bound Trp to heme-based 
proteins, i.e. TDO (Fig. 20) and MauG (Fig. 21), respectively. The oxidation of free Trp is carried out by 
TDO, which inserts two oxygen atoms into Trp in a four electron oxidizing process by utilizing a b-type 
heme cofactor (Fig. 22).  
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Figure 21. The structure of the di-heme cofactor in MauG (PDB code: 3L4M) 
PDB: 2NW7, Jensen et al., 2010, Science, 327, 1392-1394  
 
 
 
Figure 22. The chemical reactions catalyzed by TDO 
 
 
This enzyme is representative of a potentially new hemoprotein dioxygenase superfamily whose 
oxygenase mechanism remains poorly understood. It should be noted that dioxygenase activity is 
typically accomplished by nonheme metalloenzymes. The non-heme iron active sites generally have two 
histidines, one carboxylate and two or three solvent-derived metal ligands, which allow simultaneous 
binding of both substrate and dioxygen by replacing the solvent-derived labile ligands. The primary 
substrate and O2 bind to a nonheme metal ion and thus both become activated. The metal ion functions as 
a conduit so that the electrons of the primary substrate move to O2 through the metal ion. In some cases, 
such as α-ketoglutarate-depedent dioxygenases, a co-substrate is needed for production of an oxygenated 
intermediate followed by attack of the primary substrate. In contrast, the heme cofactor does not allow 
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binding of the primary substrate and O2 because porphyrin and the proximal ligand are not labile. In 
TDO, after binding of O2 the heme Fe becomes coordination saturated, therefore, the primary substrate 
must bind to a pocket adjacent to the Fe ion (174). Thus, the Fe ion cannot function as a bridge in 
between the primary substrate and O2. The oxygen activation and insertion of TDO must proceed with a 
distinct mechanism relative to the well-characterized nonheme Fe-dependent dioxygenase enzymes. The 
oxidation of protein-bound Trp residues is catalyzed by a novel enzyme MauG, which utilizes two c-type 
hemes to catalyze a posttranslational modification of a 119 kDa protein is an example of an enzyme that 
oxidizes protein-bound tryptophan residues. The reaction is a six-electron oxidation, and the utilization of 
two c-type hemes by MauG to perform the hydroxylation and subsequent oxidation reactions is 
unprecedented (Fig. 21). 
 
4.3 The Chemical Reaction Catalyzed by MauG 
 
While tryptophan 2,3-dioxygenase (TDO) oxidizes free Trp in a fast reaction, MauG oxidizes specific 
tryptophan residues within a large protein in a relatively slower catalytic process (240). In methylamine 
dehydrogenase (MADH) from Paracoccus denitrificans, the catalytic center is a tryptophan 
tryptophylquinone (TTQ) cofactor, presented on each β subunit of the 119 kDa heterotetrameric α2β2 
protein (241, 242). The TTQ cofactor is derived from Trp57 and Trp108 in a posttranslational process. 
The biogenesis of TTQ requires incorporation of two oxygen atoms into Trp57 and a cross-linking of the 
indole rings of Trp57 and Trp108 of the β subunits (Fig. 23) (243). Such a biosynthesis is, however, not a 
self-processing event but an enzyme-mediated posttranslational process that requires the action of at least 
one processing enzyme encoded in the methylamine utilization (mau) gene cluster (244, 245). It has been 
shown that MauG, the 42.3 kDa mauG gene product, is the crucial enzyme for TTQ biogenesis (246, 
247). MauG catalyzes the second oxygenation (at C6 of the Trp57 phenyl ring), the cross-linking of the 
two tryptophan residues (Trp57 and Trp108), and the oxidation of the semiquinone intermediate during 
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the TTQ biogenesis (248). Deletion of mauG in the mau gene cluster causes an accumulation of a 119 
kDa biosynthetic precursor of MADH in which Trp57 is mono-hydroxylated at C7 and the cross-link is 
absent (249). This 119 kDa protein precursor of MADH is the natural substrate of MauG. The TTQ-
biosynthesis from the precursor is achievable in vitro using either O2 plus electrons from an external 
donor or H2O2. 
 
 
 
Figure 23. The chemical reactions catalyzed by MauG. 
 
 
MauG is the first enzyme described that utilizes c-type hemes to carry out oxygenase activity (Figure 21). 
This enzyme exhibits sequence homology to bacterial di-heme cytochrome c peroxidase, but it possesses 
negligible peroxidase activity (247). The initial characterization of MauG by EPR spectroscopy suggests 
that this diheme enzyme is similar to heme-based oxygenase enzymes such as heme oxygenase (HO) and 
P450 with bound inhibitors (247). Subsequent biochemical and mass spectrometry studies establish that 
MauG performs an unusual six-electron oxidation reaction, presumably two per step in three successive 
steps, to insert an oxygen atom to a Trp residue on the substrate protein and remove four protons from the 
oxygenated Trp and another adjacent Trp residue to produce a cross-linked tryptophan tryptophylquinone 
(TTQ) cofactor on the substrate protein (Figure 23). Such a quinone cofactor is the catalytic center for 
methylamine dehydrogenase (MADH).  The MauG-mediated reaction is essentially the terminal step of 
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the MADH cofactor biogenesis.  
 
The unique utilization of two c-type hemes to perform oxygenation and subsequent oxidation reactions 
contrasts other hemoproteins that generally utilize b-type hemes, such as P450 (196, 197, 250), for their 
oxygenase activity. Most recently, a few additional enzymes have also been found to utilize c-type hemes 
to perform similar reactions. For instance, RoxA is a rubber oxygenase that utilizes two c-type hemes for 
an oxidative cleavage of poly(cis-1,4-isoprene) (251). As the best characterized protein in this potential 
new group of hemoproteins, MauG is an ideal model or studying the catalytic mechanisms of those 
covalently bound c-type heme cofactors. Another special aspect of MauG is that its substrate is a pair of 
protein-bound tryptophan residues inside a protein, which is about 3-fold larger in size than the enzyme 
itself. The characterization of MauG-catalyzed TTQ biosynthesis is carried out with the expectation to 
expand the existing knowledge about protein evolution, protein structure-function relationships, and 
protein engineering strategies for introducing new functional groups into proteins.  
 
Sequence alignment, biochemical and EPR study of MauG reveals that the two ferric hemes are present in 
a distinct spin state (247). The high-spin ferric heme is ligated with a histidine (His35) ligand. The low-
spin ferric heme is six-coordinate with two protein ligands, one of which is His205 (247).  The two His 
ligands, one for each heme, are confirmed to provide the proximal axial heme ligands by the X-ray 
structural study of the enzyme (252). The EPR and intrinsic oxidation-reduction midpoint potential 
studies of MauG reveal a redox cooperativity, i.e. facile equilibration of electrons, between the two hemes 
(253, 254). However, EPR studies show that the two hemes are not spin-coupled (220) (247). Therefore, 
the two hemes must be distantly located even though they efficiently share electrons. The physical 
separation of the two hemes was later verified by the crystal structure of the enzyme in complex with its 
substrate protein at 2.1 Å resolution (252). The two Fe ions are ~ 21 Å apart although the heme edges are 
within 10 Å of each other and are connected through H-bonds by Trp93 (252). A recent spectroscopic 
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study also shows that the His-Tyr ligation remain unchanged at the fully reduced diferrous state (254).  At 
both the diferrous and diferric oxidation states, only the five-coordinate heme reacts with exogenous 
molecules such as and O2 and nitric oxide (NO). The six-coordinate heme does not directly react with 
exogenous molecules. The distal Tyr ligand appears to remain bound to the heme during the chemical 
reaction of the five-coordinate heme (254).     
 
4.4 A High-Valent bis-Fe(IV) Intermediate in MauG 
 
Upon mixing MauG with stoichiometric amounts of H2O2 a new intermediate is formed. This species is 
stable and is characterized in UV-Vis by a Soret peak shift from 405 to 407 nm. The X-band EPR 
spectrum of MauG displays two heme signals, a high-spin (g = 5.57, 1.99) and low-spin (g = 2.54, 2.19, 
1.87). After mixing with H2O2 both high and low spin signals disappear and a new radical signal can be 
observed at g = 2.003 with a peak-to-peak width of 1.3 millitesla (220). The EPR characterization of the g 
= 2.003 radical suggests that it is an organic free radical. However, quantitation from spin double 
integration is that the radical signal represents 1% of the protein and cannot compensate for the loss of the 
two ferric heme EPR signals. 
 
When 
57
Fe-labeled MauG is treated with H2O2 the resultant Mössbauer spectra shows two sharp lines 
(intermediate) and an addition broad, magnetically split feature associated with ferric heme (220). Upon 
subtraction of the ferric species, the resulting spectrum is fitted by two quadrupole doublets with the 
following parameters: (δ1) of 0.06 mm/s and quadrupole splitting parameter (ΔEQ1) of 1.70 mm/s and δ2 = 
0.17 mm/s and ΔEQ2 = 2.54 mm/s (Fig. 19 inset).  The isomer shift values are typical of Fe(IV) (255) 
species and the quadrupole splitting parameter of Species 1 is in the range typically observed for ferryl 
and protonated ferryl species (216). The quadrupole splitting parameter of Species 2 is unusually large 
(ΔEQ2 = 2.54 mm/s) and is likely due to the proposed six-coordinate heme with two axial amino acid 
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ligands. The detailed spectral characterization of this intermediate is reported in reference (220). A recent 
quantum chemical study found that the unusual Mössbauer properties of both Fe(IV) species originated 
from novel structural features of the enzyme (162). 
 
To our knowledge, the spin-uncoupled bis-Fe(IV) species found in MauG is an unprecedented Fe 
intermediate that represents a novel natural strategy to oxidize a large substrate. We therefore named it 
cpd G. This species is analogous to the bis-ligated high-valent inorganic porphyrin model compounds that 
were generated previously. In all such cases only a small isomer shift (δ) and large quadruple splitting 
(ΔEQ) parameter were observed from those model compounds (256) (257). Compound G also contains a 
six-coordinate Fe(IV) heme species with two axial amino acid ligands in protein. In the previous Fe(IV) 
intermediates characterized, an exogenous oxygen is attached to the Fe(IV) ion as an oxo ligand to 
effectively stabilize the high-valent charge. In contrast, this role is fulfilled by the distal Tyr ligand and a 
Trp residue rests in between the two hemes.  
 
4.5 High-Valent Fe Intermediate of Tryptophan 2,3-Dioxygenase 
 
While hemoproteins perform a wide range of biological functions, they rarely express a dioxygenase 
activity as the native biological function. TDO is the first enzyme known to utilize a heme cofactor to 
express dioxygenase activity (166). TDO catalyzes the oxidative cleavage of the indole ring of L-
tryptophan, converting it to N-formylkynurenine (NFK) in the absence of a coenzyme or an external 
electron donor (Figure 22). This activity is the initiating and the committing step for Trp to enter into the 
kynurenine pathway (170). In mammals, TDO is responsible for oxidizing over 99% of the free Trp in 
intracellular and extracellular pools of this amino acid, hence it is a biologically significant enzyme (169). 
TDO is a tetramer composed of identical subunits with a total mass of 134 kDa. Each subunit contains a 
b-type heme cofactor.  However, the four heme cofactors display two types of spectroscopic properties 
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upon substrate binding despite the α4 subunit structure (157). The discovery of the inequivalent hemes in 
the enzyme-substrate complex is consistent with the cooperative binding of substrate (158). 
 
The high-valent Fe(IV) intermediate of TDO has been proposed in computational studies but has not yet 
been directly observed in the catalytic cycle (212). However, such a high-valent Fe(IV) heme has been 
observed by stopped-flow resonance Raman spectroscopy in its sister enzyme, indoleamine 2,3-
dioxygenase (IDO) (211). IDO and TDO are evolutionally related enzymes that catalyze the same 
chemical reaction. IDO is a monomeric protein existing in all human tissues except the liver. The lack of 
substrate binding cooperativity in IDO results in a slower chemical reaction and thus affords a great 
opportunity to directly trap the reactive intermediates. The IDO Fe(IV)=O intermediate is shown to 
display a characteristic 799 cm
−1
 for νFe=O stretching mode with histidine as a proximal ligand of the 
heme (211). 
 
 
Figure 24. The formation and decay of the Compound I-type ferryl intermediate in the reaction of 150 µM 
tryptophan 2.3-dioxygenase with 900 µM hydrogen peroxide monitored by EPR spectroscopy at 10 K. (a) 
Seven representative EPR spectra (traces A to G) are shown in a 2D plot for the reaction of 0, 12, 30, 60, 
90, 240, and 600 s in the parallel samples. (b) The high spin EPR signal of TDO (A), H2O2 treated TDO at 
30 s (B).  
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Although a similar Fe(IV)=O intermediate of IDO has not yet been directly observed in the catalytic cycle 
of TDO, it has been trapped and characterized in the enzyme reactivation study. The ferric form of TDO 
can be reactivated by H2O2 in the presence of Trp through a complex mechanism (258). When Fe(III)-
TDO reacts with H2O2 in the absence of Trp,  the Fe ion become EPR-silent and a protein-based radical is 
observed (Figure 24). The free radical decays over time while the EPR signal of the high-spin ferric heme 
restores. The ferric ion is shown by Mössbauer spectroscopy to become a ferryl intermediate (258). The 
Mössbauer parameters of the Fe(IV)=O intermediate are nearly identical to those found for the Fe(IV)=O 
heme in cpd G (Table 8). The similar Fe(IV)=O intermediates exhibited by two structurally diverse heme-
containing enzymes are intriguing.  Given the similarity of the catalytic function of the two enzymes, i.e., 
oxidizing either free- or protein-bound tryptophan, the striking similarity in the key intermediates is not 
very surprising. 
 
The proposed protonated state of heme-based ferryl species has been studied in systems such as 
chloroperoxidase (CPO), cytochrome c peroxidase (CCP), cytochrome P450, catalase, horseradish 
peroxidase (HRP), myoglobin (Mb) and is still under investigation (236). Indeed, both cysteine and 
tyrosine (donating anionic ligands) are able to stabilize multiple forms of a ferryl species. In both cases, 
the equilibrium between the two seems to favor the deprotonated forms at physiologically relevant pH 
(216) (259). Additionally, the presented histidine ligated ferryls have a quadrupole splitting value of 
which is far less than the anticipated value for a protonated ferryl species (> 2 mm/s) (219). Thus if the 
values of the quadrupole splitting parameter of TDO and MauG do represent protonated species, then 
there must be other contributing factors that can lower the value for these intermediates. Due to the nature 
of the reaction it is possible that these enzymes are using secondary ligands to fine-tune the properties of 
the high-valent Fe intermediates. This can already be seen in the DFT calculations that predicted 
hydrogen bonding interactions from secondary ligands in the enzyme active site (162). 
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CHAPTER 5 
 
Concluding Remarks 
 
The molecular biochemistry exhibited by two structurally diverse heme-containing enzymes that oxidize 
either free tryptophan or protein-bound tryptophan residues is fascinating. Mono- and bis-Fe(IV) 
intermediates have been trapped and characterized by EPR and Mössbauer spectroscopy from these 
enzymes (220, 258). In particularly, the bis-Fe(IV) intermediate (cpd G) found in MauG is unprecedented. 
The target Trp residues of substrate is remotely located from the hemes, ~ 40 A from the heme that reacts 
with exogenous molecules. Thus, a long-range remote catalysis must take place in MauG. Recently, the 
co-crystal structure of MauG and its substrate protein preMADH is reported. When the crystal is soaked 
in a solution containing H2O2, the TTQ product is formed in the substrate protein (252). Thus, the 
proposed long-range remote catalysis is validated (260). It should be noted that one of the indelible stories 
about spatial separation of the catalytic center and the site that stores oxidizing equivalent(s) is described 
in ribonucleotide reductase (261). In that case, the catalytic center is located in the R1 subunit, while the 
oxidizing power, a protein-bound Tyr radical, is generated and stabilized by a metal center in the R2 
subunit. When the substrate is loaded properly in the active site of R1 subunit, a long-range radical 
transfer takes place and a thiol-based transient radical is generated at the expanse of the Tyr radical for the 
nucleotide reduction. The chemistry found in MauG is much like that found in ribonucleotide reductase 
and is more straightforward in terms of the nature of remote catalysis (260). The di-heme cofactor in 
MauG reacts with exogenous oxidants, generates high-valent Fe intermediate, and then transmits 
oxidizing equivalents to the substrate protein. Unquestionably cpd G or, bis-Fe(IV), is a new natural 
strategy discovered thus far for harnessing the problem of substrates way too large for an enzyme to 
accommodate. In this case, a remote catalysis must take place. Thus, the unprecedented bis-Fe(IV) 
intermediate found in MauG occupies an entry position for future study of long-range remote catalysis by 
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metalloenzymes.   
 
After the discovery and identification of the tyrosyl radical in ribonucleotide reductase, numerous other 
protein radicals have been characterized and shown to play essential roles in enzyme mechanisms and in 
enzymes involved in many different metabolic pathways. The common feature among this group is that 
their activities metal-mediated involving Co, Cu, Fe, and Mn. In some cases additional protein factors and 
small molecules are required. These include flavins, heme, pterins, adenosylcobalamin, S-
adenosylmethionine, and [4Fe-4S] clusters to name a few. Reactions catalyzed by radical-dependent 
proteins are very diverse and span a wide range of chemical transformations. These reactions include: 
reduction, electron transfer, carbon-carbon bond cleaving, O2 evolution, and lyases. Additionally, free 
radicals are also involved in many biological processes such as: amino acid, carbohydrate, and 
hydrocarbon metabolism; coenzyme and cofactor biosynthesis; DNA biosynthesis and repair; and 
antibiotic biosynthesis.  Even with recent understandings of radical mechanisms in enzymology, there are 
still many questions left unanswered including energetic of radical initiation but most are poorly 
understood from the standpoint of the energetics of radical initiation. With the high interest in free radical 
mechanisms in enzymology displayed today, these remaining questions will hopefully be answered. 
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